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ABSTRACT

Multi-scale composite models based on the Bragg
theory are widely used to study the normalized
radar cross-section (NRCS) over the sea surface.
However, these models are not able to reproduce
correctly the NRCS in all configurations and
wind-wave conditions. We have developed a
physical model that takes into account, not only
the Bragg mechanism, but also the non-Bragg
scattering mechanism associated with wave
breaking. A single model was built to explain on
the same physical basis, both the background
behavior of the NRCS and the wave radar
Modulation Transfer Function (MTF) at HH and
VV polarization. The NRCS is assumed to be the
sum of a Bragg part (2-scale model) and of a non-
Bragg part. The description of the sea surface is
based on the short wind wave spectrum
(wavelength from few millimeters to few meters)
developed by Kudryavtsev et al. (1999), and wave
breaking statistics proposed by Phillips (1985).
We assume that non-Bragg scattering is supported
by quasi-specular reflection from very rough wave
breaking patterns and that the overall contribution
is proportional to the white cap coverage of the
surface. A comparison of the model NRCS with
observations is presented. We show that neither
pure Bragg nor composite Bragg model are able to
reproduce observed feature of the sea surface
NRCS in wide range of radar frequencies, wind
speeds, and incidence and azimuth angles. The
introduction of the non-Bragg part in the model
gives an improved agreement with observations.
In part II, we extend the model to the wave radar
MTF problem.

1. Introduction

Models of the normalized radar cross-section of
the sea-surface (NRCS) at intermediate incidence
angles are usually treated as a composite models
describing the combined effects of Bragg
scattering mechanism (effective for surface ocean
waves whose wavelengths are of the order of the
electromagnetic wave) and local-titling effects
due to longer underlying waves (Plant, 1986,
Donelan and Pierson, 1987, Romeiser et al, 1994,
Romeiser et Alpers, 1997, Janssen et al, 1998).
However, it is recognized that using this kind of
models, it is difficult to obtain a consistent
description of the normalized radar cross-section
over a large range of radar frequencies, incidence
angles, for the different polarization states and
various conditions of wind and waves. In
particular, it has been mentioned in several
publications, that models which may provide
consistent results for VV polarization, are not in
agreement with observations for HH polarization
(e.g. Plant, 1990; Janssen et al 1998). These
models do not correctly reproduce the observed
azimuthal behavior of the NRCS at both HH and
VV polarizations (Quilfen et al, 1999), and fail to
explain observed NRCS modulations by long
surface wave (e.g. Schmidt et al, 1995).
Explanations proposed to interpret this
shortcoming, are usually based on the idea that
non-Bragg scattering plays a significant role
(which is more important in HH than in VV
polarization). The experimental evidence of this
fact is a large deviation of measured polarized
ratios from Bragg-predicted values (Thompson et
al, 1998, Horstmann et al, 2000).

In this context, the general goal of this set of two
papers (Part I and Part II) is to present a semi-
empirical model of the NRCS that takes into
account radiowave scattering from breaking



waves. As intended, the model should describe
both the background radar features of the sea
surface and modulations of the NRCS  by  long
surface waves (radar Modulation Transfer
Function (MTF)) at VV- and HH-polarization, in
a large range of radiowave frequencies, incidence
angles, and wind conditions. It will be shown that
model developed can explain both the observed
dependence of the background NRCS with
incidence angle, radar frequency, wind speed and
polarization state (part I), and measurements of
wave radar MTF (part II).

We consider VV- and HH- radar backscattering at
moderate incidence angles (specular reflection is
neglected). Bragg and non-Bragg scattering
mechanisms are conceptually distinguished. In
Section 2 of part I, we present the governing
equations for the model. The Bragg part follows
the standard approach of the composite Bragg
theory (Bass et al, 1968; Wright, 1968, Plant,
1990) which takes into account the Bragg
scattering due the surface waves with wavelengths
of the order of the electromagnetic wavelength,
superposed on longer tilting waves. For the non-
Bragg part, we extend the proposed
phenomenological approach developed by Phillips
(1988), where the overall contribution of breaking
waves to the return power is related to the wave
breaking fronts statistics.

 Section 3 of Part I describes the model of the sea
surface (both wave spectrum and statistical
properties of breaking waves). The model for
short wind waves (wavelength from a few
millimeters to a few meters) follows earlier
developments by Kudryavtsev et al. (1999), and is
based on the energy balance between wind input
and viscous and wave breaking dissipation. In the
capillary range, the generation mechanism of
parasitic capillaries is taken into account. The
model contains two tuning parameters that are a
saturation level and the wind exponent in the
equilibrium range of the surface gravity waves.
The former parameter is specified in order to fit
the model mean square slope to the observations
of Cox and Munk (1954). The model wind
exponent in the gravity range is chosen to be
consistent with existing radar observations. The
angular spreading of the spectral energy does not
possess any tuning constant and we show that the
wind exponent of the wave spectrum defines it.

In section 4 of Part I, we present the radar cross-
section model, where the effect of tilting waves is
accounted for in the second order (Plant, 1986).
With this approach, the NRCS is a sum of a pure
Bragg term, a term due to the tilt of the longer
waves, and a term due to the cross-correlation
between tilt and hydrodynamics effects.
Calculations of the sea surface NRCS based on
this composite Bragg scattering model are
compared with several sets of airborne radar data.
We show that this composite Bragg scattering
model is not able to reproduce multispectral radar
observations at VV- and HH-polarization for
various incidence angles. The main discrepancy
between the Bragg model and the observations is
related to the polarization ratio (ratio of NCRS in
VV polarization to NCRS in HH polarization) and
to the upwind/downwind ratio of the NRCS.  As
suggested, such differences are due to a
significant contribution of the non-Bragg
scattering mechanism. For the non-Bragg
scattering, we complete the original approach of
Phillips (1988). At moderate incidence angles,
radar returns from breaking waves are taken
proportional to the surface area with enhanced
roughness caused by wave breaking. Scattering
from each individual breaking zone is azimuthally
independent, but depends on incidence angle as
for a quasi-specular reflection. The main tuning
parameter of this non-Bragg scattering part is the
NRCS associated with an enhanced roughness
area caused by breaking waves. It is chosen to fit
the experimental results of Unal et al (1991), and
Masuko et al (1986).

In section 5, we compare the results of the model
with other empirical results in X-band (Hauser et
al, 1997) and C-Band (Horstmann et al, 2000,
Vachon et al, 2000). We also compare a
representation of the model in the form of
truncated Fourier series, with the predictions of
the empirical geophysical functions used for
spaceborne systems in C-band (model CMOD for
ERS, Bentamy et al, 1994) and Ku-band (model
of NSCAT, Wentz et al, 1999). We show that the
model is able to reproduce the main behavior of
the observed polarization ratio, with frequency,
incidence, wind-speed and azimuth angle.

Section 6 gives a summary and conclusion of this
Part I. In Part II, the sea-surface and the
backscattering models are used to study the radar
modulation transfer function, which relates the



modulation of the NRCS to the long surface
waves.

2. Radar backscattering: governing equations

2.1. Bragg scattering

We consider the Bragg scattering mechanism
within the frame of a two-scale model, with Bragg
waves superposed on longer tilting waves (Bass et
al., 1968; Wright, 1968). At moderate incidence
angles (typically 20-60°), the theory of radar
backscattering is based on the mechanism of
resonant microwave scattering from the random
rough surface (e.g. Plant, 1990). For a pure Bragg

process, the normalized radar cross section 

€ 

σ0br
p

is proportional to the surface elevation spectrum
at the Bragg wavenumber:
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σ0br
p =16πkr

4 Gp (θ )
2

Fr (ϕ ,kbr) (1)

where p denotes the HH or VV polarization state,
kbr= 2kr sinθ  is the wavenumber of surface waves
scattering radiowave, kr is the radar wavenumber,
θ is the incidence angle, ϕ is the antenna azimuth,
Fr(ϕ,k) is the 2D-wavenumber variance (folded)
spectrum of the sea surface displacement, and Gp

is the Bragg scattering geometric coefficient.

The folded spectrum Fr(ϕ,k) is related to the
directional wavenumber spectrum F(ϕ,k) by:
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Fr (ϕ ,k ) = 0.5 F ϕ,k( )+ F ϕ + π ,k( )( )         (2)

For the sea surface the HH- and VV-scattering
coefficients are:
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Equations (3-4) are written here as given in Plant
(1986) who uses a simplified form of the complete
equations (assuming the dielectric constant of the
seawater to be large - equal to 81).  It follows
from Eq.(1) that for a given incidence angle, the
radar signal is defined by the level of short wind
wave spectrum and its distribution in azimuth.

In real conditions short wind waves scattering
radiowaves are running along the longer surface
waves (LW), and the pure Bragg theory loses its
validity. The composite backscattering model
developed by Bass et al (1968) and Wright (1968)
extends the Bragg theory to the case of the real
wind sea. In the frame of such a model, each small
area on the LW surface scatters radiowaves
according to the Bragg theory, where however
incidence angle and rotation of the incidence
plane are random functions related to the LW
local surface slope. The average NRCS is the
result of summing the ''local'' cross sections of
individual small patches along the LWs. At
moderate incidence angle and for small LW
slopes, the NRCS of the sea surface is determined
by:
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where 
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...( )  denotes an averaging over scales of

the LWs, xζ  and  vζ  are the slopes of the
tilting waves along- and across the incidence
plane, respectively (with x-axis directed along
the incidence plane). k’br is the Bragg
wavenumber, 
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k'br = 2kr sin θ −ζx( ) . The
scattering coefficients Gp at polarization V
and H are given respectively by:
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Gv θ −ζ x ,ζ y( )= Gv θ −ζ x( ) (6)
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Gh θ −ζx ,ζy( ) = Gh θ −ζ x( )+ ζ y /sinθ( )2
Gv θ( )

(7)
 It is usually accepted that scales of the tilting
LWs must exceed several times the Bragg
wavelength. It is clear from Eq. (5) that the
contribution of the tilting LWs to the averaged
NRCS appears in the second order of the LWs
slope. Nevertheless this contribution is not
negligible and may significantly influence the
NRCS, especially at HH polarization (e.g. Plant,
1986).   

2.2. Non-Bragg scattering

At small incident angles (including normal
incidence) specular reflection from the sea surface
is the main mechanism responsible of non-Bragg
scattering. NRCS of the specular component is
(Valenzuela, 1978):
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where R is the reflection coefficient at normal

incidence, 2
iζ  is the mean square slope of waves

supporting specular reflection in the direction of

incidence plane, iζ  is the corresponding standard

deviation, ⊥ζ is the standard deviation of slope of
these waves in the direction perpendicular to the
incidence plane. It is usually accepted that
wavelengths of surface waves providing specular
reflection are larger than 3 to 10 times the radar
wavelength. Mean squared slope of these waves is
generally small; hence the specular reflection
dominates the NRCS at small (close to normal)
incidence angle. With increasing incidence (at θ
>15-20°) their role becomes negligible in
comparison with the Bragg scattering component.
In the following, we will not consider this
specular component since we are interested in
observations at incidence angles larger than 20°.

In addition, it has been recognized that the
composite Bragg theory is not fully appropriate to
explain and represent the radar signature at
moderate incidence angles (θ>20°). This is
revealed in particular by the existence of ''sea
spikes'' in high-resolution radar observations or by
large deviations of the observed polarization ratio
(ratio of the radar return in VV polarization to that
in HH) from Bragg theory predictions. Results of
the analysis of NSCAT dual-polarized data set
(Quilfen et al, 1999, Tran et al, 2000 ) or of the
combined analysis of ERS and RADARSAT
observations (Horstmann et al, 2000) are
examples showing that the standard composite-
Bragg theory is not appropriate at moderate
incidence angles. Plant et al (1999) also showed
that the polarization ratio observed in a wave-tank
is not consistent with the standard composite
Bragg theory.

A number of plausible mechanisms have been
suggested to explain this. From their wave-tank
measurements, Plant et al (1999) suggest that the
presence of bound waves travelling at the speed of
the dominant wave modifies the mean square
slope and mean tilt angle, and thus affects the
upwind-to downwind ratio of NRCS, and the
polarization ratio. Introducing the statistical
properties of these bound waves in the composite-
Bragg theory, Plant et al (1999) were able to
reproduce the observed features of the NRCS.

However, they recognize that in real conditions on
the ocean surface, even if bound tilted waves have
been evidenced, their spectral density is too small
to affect the radar signature. Other mechanisms,
based on non-Bragg scattering, have been invoked
to explain the radar signature: diffraction of
radiowaves on sharp wedges of breaking crests
(Kalmykov and Pustovoytenko, 1976), quasi-
specular reflection from steep forward face of
breaking waves (Kwoh and Lake, 1984, Melville
et al., 1988, Winebrenner et Hasselmann, 1991),
increased backscattering from intensive roughness
generated by breaking waves (Kwoh and Lake,
1984, Banner and Fooks, 1985, Ericson et al.,
1999). Here we will follow these suggestions and
propose a model, which accounts for composite
Bragg and non-Bragg scattering.

Some analytical and numerical solutions of the
scattering problem have been proposed, in the
past. Among these studies we mention the recent
investigations by Lyzenga and Ericson (1998) of
microwave diffraction on a wedge corresponding
to a steep Stokes wave. It was shown that the
backscattering power drops quickly when the
curvature radius rc of the crest increases; at krrc

>1, the return signal becomes insignificant.
Although at moderate angles wedge-like
diffraction could contribute significantly to the
observed radar backscatter, they concluded that
this mechanism can be effective at low
frequencies only (such as L-band). Indeed, the
surface tension prevents very small surface
curvature of the wave crests, which act as radar
scatters at larger frequencies. So, wedge-like
diffraction cannot significantly occur in K-, X-,
and C- bands. Recent detailed laboratory study of
radar backscattering from stationary breaking
waves by Ericson et al. (1999) (performed at
θ=45°), revealed that a strong increase of the radar
return near the breaking crest occurs due to
incoherent backscattering from small scale
roughness generated by the breaking crest. Values
of the NRCS of the enhanced roughness at the
breaking crest were of the order of (-6 to -3 dB)
with a polarization ratio close to unity. They
concluded that the incoherent backscatter from
surface disturbances generated by breaking waves
might explain the origin of sea-spikes (high radar
return) and small polarization ratios observed in
real conditions at moderate incidence angles.
They also showed that near the breaking crests,
the NRCS is well reproduced by a Kirchhoff
approximation for incoherent scattering, whereas



far from the breaking crest, radar backscattering
follows a Bragg-model prediction.

Phillips (1988) developed a fruitful
phenomenological approach to describe the non-
Bragg scattering. Taking into account that any
non-Bragg scattering mechanism relates to the
wave breaking events, Phillips described their
overall contribution to the NRCS as the
contribution of the scattered area associated with
wave breaking fronts. If Λ(k)dk is the total length
of wave breaking fronts (related to wavenumbers
in the range k to k+dk) per unit surface, then the
scattered area (area of radar target) is proportional
to k-1 Λ(k)dk , and the total contribution from all
the wavebreaking fronts to the sea surface NRCS
is:
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σwb = C k / kr ,θ,ϕ( )k−1Λ(k)dk∫ (9)

where C(k/kr,θ, ϕ) is an empirical function that we
will define later from comparison of Eq. (9) with
radar measurements. The recent results of Ericson
et al. (1999) can be easily taken into account in
Eq.(9). In this context, C(k/kr,θ,ϕ) in Eq.(9) is
directly related to the NRCS of disturbed areas
near the breaking crests.

Specular reflection and scattering from breaking
waves randomly distributed on the sea surface are
statistically independent of Bragg scattering
occurring from the sea surface covered by
''regular'' wind waves. Hence the total NRCS of

the sea surface p
0σ  can be represented as a sum of

Bragg scattering (Eq.(5), p
brσ ), specular reflection

spσ (Eq.(8)) and non-Bragg scattering from

breaking waves wbσ (Eq.(9)):

wbsp
p

br
p σσσσ ++==0 (10)

 where, according to radar observations, it is

suggested that 
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σsp  as well as 
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σwb  are
independent of polarization.

To calculate the radar cross-section according to
Eq. (10), we need to specify the wind wave
spectrum and the spectral distribution of the wave
breaking fronts. The following section describes
the sea surface model that will be used in the
NRCS model.

3. Statistical properties of the sea surface

3.1. Governing equations and background
spectrum

The model considered here is aimed at describing
the statistical properties of the sea surface that are
relevant to the radar study from L to Ka bands.
The wind wave scales related to this problem
range from short gravity to capillary surface
waves, respectively. Description of the wave
spectrum is based on the energy balance equation
which is more convenient to use in terms of the
wave action spectrum )(kN  (e.g.Phillips,1977):
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∂N (k)
∂t

+ cgi + ui( )∂N(k)

∂xi

− k j

∂u j

∂xi

∂N(k)

∂ki

= Q(k) /ω

(11)
where gic  and iu  are components of wave group

velocity and surface current; i and j=1,2;  ω  and
k  are the frequency and wave number vector
(with components ik ) related by the dispersion
relation:
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ω2 = gk +γk3 (12)

k=|k|, g is the acceleration of gravity, γ is the
surface tension, Q(k) is the source of wave
energy. The elevation spectrum F(k), energy
spectrum E(k), and wave action spectrum N(k) are
related to each other by: E(k)=(ω2/k)F(k),
N(k)=E(k)/ω=(ω/k)F(k). Note also the definition
of the saturation spectrum B(k) (or the surface
curvature spectrum) that is used throughout the
paper: B(k)=k4F(k).

In the following, we use the same equation
(Eq.11) for the description of both the background
spectrum and its modulations by long surface
waves. The background spectrum results from the
solution of the equation Q(k)=0, and the
modulation of the short wind waves by LW can be
found as a solution of the linearized Eq.(11) for
small disturbances of the spectrum (see Part 2).
The form of the spectral source Q(k) is not exactly
known, so that concrete results can only be
obtained by using simplifications and hypotheses
concerning the role of different energy source/sink
terms. The present study is based on the model of
the short wind wave spectrum developed by
Kudryavtsev et al (1999) (hereinafter KMC99) ,
but with some modifications for application to
simulation radar observations. In KMC99 the
shape of the spectrum results from the physical
description of the energy source. In the



equilibrium range of the spectrum (for k >> kp

where kp is the wavenumber of the spectral peak)
this energy source is:
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where   βν (k) = β(k)− 4νk 2 /ω  is the effective
growth rate, which is the difference between the
wind growth rate   β(k) and the rate of viscous
dissipation (ν is the viscosity coefficient), second
term parameterizes the non-linear energy losses
discussed below, α and n are some functions of
k / kγ , where kγ = (g /γ )1/ 2  is the wave number of
the minimum phase velocity, and the source
term Ipc  is the energy input due to generation of

parasitic capillaries. To further describe the non-
linear energy losses, we distinguish two ranges of
gravity waves: in the first interval ( k < kwb , with
kwb≈2π/0.15 rad/m), waves break and loose energy
generating turbulence, while in the second interval
(kwb < k < 1/ 2kγ ), short gravity waves break and

loose energy generating parasitic capillaries. In
addition, three-wave resonant interactions
redistribute energy from a vicinity of
k ~ kγ towards shorter and longer waves.

Short gravity waves generating parasitic
capillaries provide a cascade energy transfer from
gravity to capillary range of the spectrum
described by term Ipc . Wavenumbers of parasitic

capillaries k and generating gravity waves   kg  are

collinear and their modulus are related as:

kg = kγ
2 / k (14)

Generation of parasitic capillaries provides the
energy losses   D(kg )  of short gravity waves, and

as it was suggested by KMC99 the dimensionless
source Ipc  reads:

  Ipc (k) = ˆ D (kg )φ (k / kγ ) (15)

where   
ˆ D (kg ) = ωg

−3kg
5 D(kg )  is the dimensionless

energy dissipation, ωg = ω (kg ) , and φ(k / kγ )  is a

filter function, which restricts the action of  source

  Ipc (k)  in the k-space. Its physical meaning is that

parasitic capillaries cannot be generated by all
gravity waves. The crest of decimeter and longer
gravity waves (waves with k>kwb) breaks and an

individual wave loses its energy generating
turbulence rather than generating trains of
parasitic capillaries. Thus, the filter function has
to be close to 1 in the interval 2 < k / kγ < kγ / kwb

and to vanish outside this range. In the gravity
range the energy losses are compensated by
energy input from wind, hence

  Ipc (k) = βν (kg )B(kg )φ (k / kγ ) (16)

KMC99 obtained the shape of the spectrum in the
equilibrium range (at pkk >> ) by considering the

solution of Eq.(11) with source (13)  under
conditions of a steady wind and uniform surface
currents. Thus equation Q(k)=0 gives (see KMC
for more details) :

Beq (k) = α
21 / n βν (k) + (βν

2 (k) + 4I pc(k) /α)1/ 2[ ]1/ n

(17)
The growth rate parameter β is traditionally
parameterized as a quadratic dependence on
friction velocity, *u :
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β(k )= Cβ (u*/c)2 cos2 ϕ (18)
where Cβ  is a parameter, ϕ  is an angle between
wind and wave directions. The angular
dependence of β  in (18) is defined in accordance
with model predictions (e.g. Townsend, 1972;
Mastenbroek, 1996). The physical meaning of the
cos2 ϕ  angular term in Eq. (18) is that within the
frame of the sheltering mechanism of short (hence
slow) wave generation (which is the most
plausible mechanism, e.g. Belcher and Hunt,
1993), surface pressure acting on the forward
slope is proportional to the square of the wind
velocity component perpendicular to the wave
crest. In the present paper, parameter 
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Cβ  is
defined according to the parameterization of
Stewart (1974),
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Cβ =1.5(ρa / ρw )(κ−1 ln(π / kz0)−c/u*) (19)

where 0z   is the roughness scale, ρa and ρw are
the air and water density, and κ=0.4 is the Von
Karman constant.

Parameterization of the growth rate in the form of
(18) predicts that wave energy vanishes in the
crosswind directions. Obviously, this fact is not
compatible with radar observations, which do
show a crosswind backscatter return. Random
fluctuations of wind velocity and impact of



dominant surface waves may explain the observed
energy in crosswind directions. Another
mechanism, which may contribute to the filling of
the gap of spectral energy in the crosswind
directions is the non-linear four-wave resonant
interaction, for which a standard approximation is
described as a diffusion operator in the two-
dimensional wavenumber space (Hasselmann and
Hasselmann, 1981). Taking into account this
process is out of the scope of the present study. To
account for this fact, we replace cos2(ϕ) angular
dependence in (18) by exp(-ϕ2). This exponent
form is close to cos2(ϕ) at small and moderate
azimuths but provides a wind energy input in the
crosswind directions.  Moreover we suggest
applying such an angular behavior for the
effective growth rate βν, i.e.:
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where ∆ϕ = ϕ −ϕw  is the angle between the
direction of the wave component and the wind
velocity vector ϕw. Note that hereinafter the
downwind direction corresponds to ϕ=ϕw,
whereas ϕ=ϕw+π corresponds to the upwind
direction. The drag coefficient of the sea surface
(which is needed to calculate βC  and *u  in

Eq.(20) is expressed in terms of the roughness
scale parameter z0 which is parameterized as (e.g.
Smith, 1988):

z0 = a*u*
2 / g + aνν a / u* (21)

where va is the air viscosity, *a  and νa are

coefficients ( *a =0.018, νa =0.1).

Parameters α and n in Eq.(13) are the main
parameters of the model. Their spectral behavior
is related to the different mechanisms of energy
losses. As described in KMC99, well inside the
gravity range ( k p << k < kwb  =2π/0.15 rad/m),

energy losses are dominated by wave breaking
and parameters α  and n  have to be constants
(n = ng  and α = α g ). In the capillary-gravity

range, (k / kγ > 1/2), the dominant energy loss is

due to 3-wave interactions, and is quadratic in the
saturation energy density B(k), so that parameter n
must be n=1, and α is another constant α = α γ . In

the transitional interval kwb < k < 1/ 2kγ  the energy

losses are dominated by small-scale wave
breaking which is accompanied by emitting of

parasitic capillaries. Since in this interval both
gravity and surface tension govern wave
dynamics, we suggest (using dimensional
arguments) that parameters α and n must be
function of k / kγ  and patch the corresponding

constants in the gravity range and at k ≈ kγ . So,

we chose the n-function in the form:

1 /n = (1− 1/ng ) f ( k /kγ )+1 /ng (22)
where f(k/kγ) has to be 0 at k / kwb <1and 1 at
k / kγ ∝1.

To define function f, we fist note that
wavenumbers of parasitic capillaries k and
generating gravity waves kg are collinear and of
their modulus are related by Eq. (14). Hence the
interval of change of function f(k/kγ) is related to
the interval of change of function φ(k/kγ)
introduced in Eq.(15). Thus the derivative of
f(k/kγ) has to coincide with the filter function
φ(k/kγ), i.e.

f ' (kγ / k) = φ(k /kγ ) (23)

A convenient way to choose the filter function φ
is :
φ( ˆ k ) = U(ˆ k − ˆ k l )− U(ˆ k − ˆ k h ) (24)

where ˆ k = k / kγ  is dimensionless wavenumber,
U(x) is the step-like function U(x)=1/2(erf(2x)+1),
ˆ k l  and ˆ k h are low and high frequency limits of the

filter function which are: ˆ k l =1.5 and
ˆ k h = kγ /kwb. Then, according to (23) f is:

f (k / kγ ) = f −1(∞ ) φ( kγ / kg )d(kg / kγ )
0

k / kγ

∫ (25)

To define the function α(k/kγ) , we use the fact
that in the transitional interval kwb<k<1/2kγ and at
moderate to high wind speeds, viscous dissipation
can be neglected, and the shape of the spectrum in
the wind direction is

B = α(k / kγ ) Cβ u*
2 / c2( )1 / n(k / k γ )

.  A dimensional

analysis shows the saturation spectrum to be a
function of u*/c and k/kγ only, i.e.
B = B(u* /c, k / kγ ) . In our model, we have

determined the functional dependence of B on k/kγ

via the parameter n(k / kγ ) . Hence it is reasonable

to assume the shape of the spectrum to be

proportional to (u* / c)
2 / n(k / kγ )

.This implies that

α(k /kγ )Cβ
1/ n(k / kγ )

is a constant in the transitional

interval. Thus the dependence of α on k/kγ appears
via n(k/kγ) as:



log(α) = log(a) − (1/ n) log(C β ) (26)

where a is a tuning constant, and C β  is the growth
rate parameter averaged over the transitional
interval. Thus, the shape of the directional
equilibrium wavenumber spectrum is defined by
Eq.(17), where the effective growth rate and
functions n and α are specified by Equations (18),
(22), and (26), respectively. For the radar
application the directional spectrum Beq  (Eq.17)

must be transformed to the folded spectrum Br

according to Eq.(2).

To complete the description of the wind wave
field, we need for application to radar cross-
section modeling, the description of the wave
breaking statistics. As a measure of wave
breaking, Phillips (1985) introduced the total
length of breaking fronts   Λ(c)dc  running with
velocities in the range from   c  to   c+ dc . This
quantity directly relates to the energy losses due to
wave breaking

  dD = bg−1c5Λ(c)dc (27)
where b is an empirical constant estimated as
b≈0.06 for stationary breaker (Duncan, 1981) and
as b≈(0.003 to 0.01) for the non-stationary one
(Melville, 1990). In the present study the energy
dissipation due to wave breaking is parameterized
as a )1( +n  power of the saturation spectrum
(second term in (13)). This parameterization
coincides with (27) if )(cΛ  is defined as

1
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and b = 2α . To define (28) we take into account
that   dD = D(k)dk , and that velocity of breaking
fronts c  and the wavenumber of the wave
carrying a breakerk  are linked by dispersion
relation k=g/c2 (with aligned directions for k and
c). The a posteriori estimate of α in the gravity
interval is α =5.10-3 (see section 3.2) so that

210 −=b  which is inside the range of empirical
values of b.

3.2 Tuning of the background spectrum and
comparison with measurements

We have to define our two tuning constants, the
constant of the equilibrium gravity range ng, and
the saturation level constant a, respectively. The

constant ng determines the wind exponent mg

(mg=2/ng) in the equilibrium gravity range, and its
value should be specified so that the model wind
exponent corresponds to the observed one.
However, there is a significant scatter in the
empirical estimates of the wind exponent in the
gravity range, varying from 0.2±0.2 (Banner et al,
1989) to 1 (e.g. Toba, 1973). Unal et al (1991)
used radar data at VV polarization (for a Bragg
wavelength λbr ≈30 cm) to estimate the wind
exponent. They give mg ≈0.5. Tromkhimovski and
Irisov (2000), obtained the same order of
magnitude by using a compilation of radar and
radiometric measurements. In the present study
we take ng=5 (consequently the wind exponent
mg=0.4), to be consistent with the model of
Donelan and Pierson (1987), with the field
observations of Banner et al. (1989), and with the
estimate from microwave observations by Unal et
al. (1991) and Tromkhimovski and Irisov (2000).

Figure 1. Radar wind exponent m as a function of
the Bragg wavenumber normalized by kγ. Symbols
are measurements: squares for Unal et al, 1991,
plus signs for Jones and Schroeder, 1978,
triangles for Masuko et al, 1986, stars for the
CMOD-IFR2 empirical model (Bentamy et al,
1994). The solid line is the wind exponent of the
spectrum m=2/n where n is defined by Eqs.(22)
and (25) with ng=5. The dotted line corresponds
to the stereo-photogrammetric observations by
Banner et al (1989) (m=018, over the wavelength
range 0.3 ≤ λ ≤  1.6 m)

In Figure 1, the experimental estimates of the
radar wind exponent deduced from various radar
experiments at VV polarization (Unal et al, 1991,
Jones and Schroeder, 1978, Masuko et al, 1986 )
and from the CMOD-IFR2 model (Bentamy et al,
1994) are shown as a function of the Bragg



wavenumber normalized by kγ. On the same figure
the solid line shows the model wind exponent
(defined as m=2/n) calculated through Eq. (22) at
ng=5 and with the f-function defined by Eq.(25). It
is observed that the model wind exponent is in
agreement with the experimental estimates in the
whole range of k/ kγ..

The last tuning constant a is defined in order to fit
the mean square slope to the results of Cox and
Munk (1954) inferred from optical glitter
measurements. The empirical wind dependence of

the mean square slope 2s  obtained by Cox and
Munk (1954) is shown in Figure 2 (left panel)
along with the model calculations

  
s2 = k−2 Beq (k)dk∫ (29)

 obtained with spectrum (17) at constant a=2.5.10-3.

Figure 2. Mean square slope (left panel), and
ratio of crosswind to upwind mean square slopes
(right panel) versus wind speed. Solid lines are
model predictions. Symbols are observations by
Cox and Munk (1954).

The model values of the mean square slope are in
reasonably good agreement with the observations.
The right-hand panel of the figure presents the
ratio of crosswind to upwind components of the
mean square slope. This characteristic of the sea
surface is an integral measure of the angular
distribution of the short wave energy. Note that
the model does not contain any special tuning
parameter defining the angular distribution of
waves. In the model the angular dependence
appears via the angular behavior of the growth
rate parameter and the n-function (defining the
wind exponent). Agreement of the model with the
observed estimates of the ratio of crosswind to
upwind mean square slope components is a
remarkable feature of the model.

Figures 3 shows the model omnidirectional
saturation spectra and laboratory data obtained by
Jähne and Riemer (1990) and Hara et al. (1997) at
wavenumbers k=785 rad/m, 393 rad/m, 203
rad/m, and 100 rad/m. The model calculations are
also in overall agreement with the measurements
done in both the capillary and the gravity ranges.
This fact is important because the model only uses
one constant a to determine the spectral level in
the whole wave number range. The same constant
provides a correct spectral level in the range of
very short waves. Note also, that the model wind
exponent is consistent with measurements which
vary from m=1 at k=100 to m=2 in the vicinity of
the minimum phase velocity and to m≈ 2.5 to 3 in
the capillary range.

Figure 3. Omnidirectional curvature spectrum at
different wavenumbers as a function of friction
velocity. Open circles are measurements by Jähne
and Riemer (1990); crosses are measurements by
Hara et al. (1997); solid lines are model
calculations.

Figure 4 shows the model downwind and
omnidirectional saturation spectra of short wind
waves for various wind speeds (U10=3, 5, 7, 10
and 15 m/s). At low wind speed, there is a spectral
gap in the vicinity of k≈kγ , which fills up with
increasing wind. This spectral gap is caused by
molecular viscosity and non-linear redistribution
of energy. At wavenumber k≈2kγ the cascade
energy flux from short gravity waves overcomes
these processes, so that the local spectral
maximum does appear. Well inside the capillary
range, the saturation spectrum rapidly drops. All



these described features of the SW spectra are in
agreement with laboratory measurements by
Jähne and Riemer (1990), and Zhang (1995).

Figure 4. Model saturation spectra of short wind
waves at various wind speeds (3, 5, 7, 10, 15 m/s
from lower to upper curves ). Downwind
saturation spectra B(0°,k) are in the left panel,
and omni-directional spectra B(k) are in the right
one.

For some calculations related to contributions of
tilt and hydrodynamic effects, we also need to
define the spectrum of long energy containing
waves Blw(k,cp/U10), where cp/U10 is the wave age.
For this purpose we chose the empirical spectrum
proposed by Donelan et al. (1985) with the high
frequency ''cut-off'' correction proposed by
Elfouhaily et al. (1997) to suppress energy at
wavenumber exceeding 10kp. Then the model of
the wave spectrum in the full wavenumber
domain is presented as a sum of short waves Beq

and long waves spectra Blw, i.e.

B(k)=Blw(k,cp/U10)+Beq(k)  (30)

4. Simplified NRCS model

In this section we consider the radar
backscattering properties of the sea surface, using
the short wind wave spectrum proposed in the
previous section.

4.1.Bragg scattering
Radar Bragg-scattering within the frame of the
composite model is given by Eq.(5). It describes
the averaged NRCS resulting from summing local
cross sections distributed along the longer (or
tilting) surface waves. Their wavenumbers have to
be significantly smaller than the Bragg-resonant
wavenumber kbr. The upper limit kt of the range of
tilting waves is defined as kt=tkbr, where t is a
constant which is usually accepted as t=0.1÷ 0.2.

At moderate incidence angles (when the sheltering
effect is negligible), and for small mean square
sea surface slopes, Eq.(5) can be significantly
simplified. This problem has been analyzed in
detail by Plant (1986). Our analysis mainly
follows Plant’s work, except for some details and
for the shape of the spectrum. If we expand Eq.(5)
in  tilting wave slope powers to second order, the
spatially averaged sea surface NRCS becomes
(see Appendix for the details):
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 where index i relates to the mean square slope of
tilting waves in the direction ϕ of the incidence
plane, σ 0br

p (θ )  is the NRCS defined by Eq.(1),
Mt 0

p = (1 /σ0 br
p )∂σ0br

p /∂θ  is the so-called tilt

component of the radar MTF, ˜ B r denotes the
variation of the spectrum of short wind waves
(scattering radiowaves) due to their interaction
with longer tilting waves, and gp are the
polarization coefficients defined as:

gv = 1
2σ 0br

vv

∂2σ 0br
vv

∂θ 2 (32)

gh = 1
2σ 0br

hh

∂2σ 0br
hh

∂θ 2 + 2
sin 2 θ0

Gv

Gh

ζ⊥
2

ζi
2

(33)

Slopes ζ i
2 and ζ ⊥

2 are related to the upwind and

crosswind mean square slopes of tilting waves ζ u
2

and ζ c
2 respectively by:

ζ i
2 = ζu

2 cos2 (ϕ −ϕ w )+ ζc
2 sin2 (ϕ −ϕ w ) (34)

)(cos)(sin 22222
wcwu ϕϕζϕϕζζ −+−=⊥ (35)

with

ζ u
2 = dϕ cos2∫ ϕ d ln kB(k,ϕ)

k < kt
∫ (36)

ζ c
2 = dϕ sin2∫ ϕ d ln kB(k,ϕ )

k < kt
∫ (37)

where the integration is over all the tilting waves.

The second term in the r.h.s. of Eq.(31) describes
the contribution of the ''pure'' tilt effect, while the
third term gives the impact of the cross-
correlation between tilt and hydrodynamic



modulations. Plant (1986) showed that the relative
impact on the NRCS of the latter term is small in
comparison with the ''pure'' tilt effect. It must be
noted however, that within the frame of the
composite Bragg model, this cross-correlation
term is the only one responsible for the upwind-
downwind difference in NRCS. We will assess
this in the following. We can distinguish two
contributions to the tilt-hydrodynamic cross-
correlation term. The first one results from
modulations of Bragg scattering waves by tilting
waves, and the second one results from specific
features of the parasitic capillaries. As it was
mentioned, parasitic capillaries being generated
by short gravity waves, are spread on their
forward slope, hence the coupled system ''short
gravity wave- parasitic capillaries'' contributes to

the correlation ζ i
˜ B r . This effect has never been

included before.

First of all let us consider the case of Bragg waves
belonging to the gravity and capillary-gravity
ranges of the spectrum (where the mechanism of
generation of parasitic capillaries does not exist).
To estimate the cross-correlation term in Eq.(31)
we need an expression for the hydrodynamic
modulation transfer function (MTF), relating the
complex amplitude of spectral modulations ˆ B  to
the steepness of modulating longer wave KA.
Interaction of short waves with the LW orbital
velocity and the impact of the varying wind
surface stress are two mechanisms responsible of
the modulations of short wind waves.
Kudryavtsev et al (1997) have shown that when
the impact of modulation by surface stress
becomes important, it results in the enhancement
of short waves on the LW crests. So, in the
context of the present study this effect is not
relevant, because it does not contribute to the
cross-correlation term in Eq.(31). Thus in the
MTF we have to take into account only the term
describing the interaction of short waves with the
LW orbital velocity. The truncated relation for the
MTF simply reads (e.g. Kudryavtsev et al, 1997):
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where  M = ˆ B /(B KA)  is the MTF for the spectral
modulations, B  is the spectrum averaged over the
LW profile; τ−1 =ΤΩ is the dimensionless
relaxation parameter, Ω is the LW frequency, T is
the relaxation time related to the energy source Q

by 1/T=∂Q/∂E. The straining factor in Eq.(38) can
be written as:

k1

N(k,ϕ)
∂N(k,ϕ )

∂k1

= cos2 ϕ ∂ ln N
∂ln k

− sinϕ cosϕ ∂ ln N
∂ϕ

(39)
Kudryavstev (1994) mentioned that the relaxation
time cannot be chosen arbitrarily but that it must
be directly related to the wind exponent m of the
spectrum by:

Tω=m/2β (40)
It is easy to check that the relaxation time with the
energy source from Eq. (13), gives the same
relation (40) if m is replaced by 2/n.

To estimate the cross-correlation term we need the
imaginary part of Eq. (38), which is:

Mi = cos2 ϕ τ
1 + τ 2 mN (41)

where mN=∂lnN/∂lnk is the wavenumber exponent
of the spectrum. To obtain Eq.(41), we only take
into account the dominant term of Eq. (39).
Omitting the angular term (second term in
Eq.(39)) gives an error of the order of ( ∂lnN/∂lnk)-1

≈1/4. Then, the correlation ζ i
˜ B r  reads:

ζ i
˜ B r = Br 0(k ,0) Mi

ϕ∫k <k t
∫ cosϕk 2 F(k,ϕ )kdkdϕ

= Br0 (k,0) mN τ (1+ τ 2

ϕ∫k < kt
∫ ) −1 cos3 ϕBdϕd ln k

(42)
where F and B are the elevation and saturation
directional spectra of tilting waves. The cross-
correlation of the LW's tilt and hydrodynamic
modulations of the short waves in Eq.(31)
becomes:

− Mt0
p

Br0

ζi
˜ B r ≈ gthζt

2 (43)

where ζ t
2 = Bd ln kdϕ

k < kt
∫∫  is the mss of tilting

waves, and coefficient gth is:
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gth = −M t0
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mNk<k t
∫ τ 1 +τ 2( )−1

ϕ
∫ cos3ϕBdϕd ln k

Bd ln kdϕ
ϕ∫k<k t

∫
(44)

To estimate the influence of the tilt-hydrodynamic
term on NRCS, we use the fact that the angular



distribution of wave energy in the range of tilting
waves is significantly broader than angular
changes in cos3ϕ. It can be checked that Eqs.(43-
44) give a negative contribution of the cross-
correlation term to the NRCS in the downwind
radar looking direction and a positive one in the
upwind direction. This term is thus responsible for
one of the important characteristics of the sea
surface NRCS, its upwind/down wind asymmetry.

Let us now consider the case for which Bragg
scattering waves belong to the capillary range.
The generation mechanism of parasitic capillaries
significantly affects the wave dynamics in this
range. Parasitic capillaries are spread on the
forward face of the generating short gravity
waves. Hence, they directly contribute to the tilt-

hydrodynamic cross-correlation term ζ i
˜ B r . An

additional contribution can result from the
modulation of the coupled system ''parasitic
capillaries - carrying gravity waves'' by longer
waves. However, one may anticipate that this
impact is much weaker than the direct

contribution of parasitic capillaries to ζ i
˜ B r . Note

that all the capillary waves are not necessarily
parasitic ones. Part of them are ''regular'' wind
generated capillary waves, and their contribution

to ζ i
˜ B r  appears through the ''regular''

modulations by tilting waves described by
Eqs.(43-44). The fraction of wave energy fpc that
is contained in the parasitic capillaries can be
estimated by:

  
fpc (k) =

Ipc (k)

βν (k)B(k)+ Ipc (k)
(45)

This is the ratio of the source of parasitic
capillaries   Ipc (k)  to the total energy source (see

Eq.(1320)). Trains of parasitic capillaries are
spread on the forward slope of generating gravity
waves. Hence, if we introduce an averaged tilt of
the parasitic capillary trains θ pc , the contribution

of parasitic capillaries to ζ i
˜ B r  is:

ζ i
˜ B r = −θ pc fpc ∆B(kbr,ϕ)

and their contribution to the tilt-hydrodynamic
part of the NRCS is

− Mt0
p

Br0

ζi
˜ B r = gpc ∆B/ Br0 (46)

where ∆B(kbr,ϕ ) = (B(kbr,ϕ) − B(kbr ,ϕ + π ))
(47)

and coefficient gpc is:

gpc = θ pcMt 0
p  (48)

Since p
tM 0  is negative, parasitic capillaries give a

positive contribution to the NRCS in the upwind
direction.

Finally, the relation for the NRCS within the
frame of the composite Bragg scattering model
can be written:
σ br

p (θ 0,ϕ) =

σ 0br
p (θ 0,ϕ) 1 + g pζi

2 + gthζ t
2(1 − fpc )+ gpc fpc∆B/ Br0( )

? ?

(49)
where coefficients gp, gth, and gpc are defined by

Eqs. (32), (33), (44), (48) , ζ i
2  and ζ t

2 are the
mean square slopes along the incidence plane and
the total mean square slope of the tilting waves
respectively, ∆B is defined by Eq.(47).

The coefficients gp calculated from expressions
(32-33) are shown in Figure 5 as a function of
incidence angle. As one might expect, the
influence of the mean square slope of long tilting
waves on the NRCS is higher in HH-polarization
than in VV. For large incidence angles the role of
tilting waves increases very rapidly in HH
polarization, whereas it decreases in VV. The
solid line in the right panel shows the total
polarization coefficient gh. The dashed line is
related to the ''truncated'' coefficient where the
cross-polarization term (second term in Eq.33) is
not taken into account. This figure indicates that
the contribution to gh of the cross-polarization
term remains small.

Figure 5. Coefficient gv (left panel) and gh (right
panel) defined by Eqs.(32-33) as a function of
incidence angle. In the right panel (HH
polarization), the solid line is the total coefficient
gh , and the dashed line is gh without accounting
for the cross-polarization effect (first term in Eq.
33 only).



The relative impact of the pure tilt term (second
term in Eq.49) and of the cross-correlation effect
(third and fourth terms in Eq.49) are shown in
Figure 6 as a function of incidence angle, for C-
and Ku-bands in the upwind direction for a wind
speed of 10 m/s. The impact of tilting waves (via
pure tilt and cross tilt-hydrodynamics correlation)
is not very sensitive to the radar frequency,
although it is slightly stronger at the highest
frequency (Ku-Band). For both frequencies, the
contribution of the pure tilt effect is larger than
the cross-correlation effect. This result confirms
the conclusion obtained by Plant (1986).
However, the cross-correlation term has an
important physical significance, since in the
context of a composite Bragg theory, it is the only
term providing the upwind-downwind NRCS
difference. Whether this term can reproduce the
observed upwind-downwind asymmetry of the
NRCS, will be discussed later.

Figure 6. Relative contribution of the pure tilt
effect (the second term in the brackets in Eq.(49);
solid lines in the plots) and cross tilt-
hydrodynamic effect (the third term in the
brackets in Eq.(49); dashed lines in the plots) to
the Bragg scattering. The left panel is for VV
polarization, and the right one is for HH
polarization. Upper lines of the same style are for
Ku-band, lower lines are for C-band. Conditions:
wind speed is 10 m/s, upwind radar look
direction.

It is also worthwhile to note the rapid increase of
the tilt-hydrodynamic contribution at Ku-band for
large incidence angles (at HH polarization it is
more apparent). This effect is related to the
dominant role of parasitic capillaries in the Bragg
scattering at large incidence and high frequency.
Note also that the relative impact of the pure tilt
effect at HH polarization is close to 1. At first this
demonstrates its importance, but somehow shows
that a decomposition of the ''exact'' solution in

series on ζ t
2 -powers (strictly say) loses its

validity. Nevertheless, we assume we can tolerate
this mathematical inaccuracy.

To summarize, Bragg scattering is described by
the composite model (Eq.49) with (Eq.1). It is
completely defined by the spectrum of wind
waves and mainly by its high frequency range.
The short wind wave spectrum is given by
Eq.(17). The parameter α of this spectrum was
tuned so that the model slope variance coincides
with the field observations of Cox and Munk
(1954). The angular spreading has no tuning
constant and the azimuth dependence of σ br

p  is not
adjusted. Within the frame of the present model,
the angular spreading of the spectrum is related to
the wind exponent m=2/n. In the composite Bragg
scattering model, one needs to specify also the
range of the tilting waves. This appears in the
model via the tilting wave slope variance. In the
present study we choose t=0.2 (kt=tkbr) to define
the upper limit of tilting waves.

4.2.  Results of the Bragg model compared with
observations

Before we present the model for the non-Bragg
scattering, we discuss here some comparisons for
the polarization ratio P  (P = σ 0

vv /σ 0
hh )between

observations and the present Bragg model. This is
to illustrate the limits of the Bragg model. We
consider separately the results from the pure
Bragg part (Eqs. 1,3-4) and the composite Bragg
model (Eq. 49).

Figure 7 shows the azimuthal behavior of the
polarization ratio P at X-band, incidence 40°, and
for a wind speed of 10 m/s. The observations were
collected during the POLRAD'96 experiment
(Hauser et al, 1997) using the helicopter-borne
polarimetric scatterometer ''RENE'' (Leloch-
Duplex et al, 1996). Figure 7 illustrates the results
obtained from one of the three cases collected
during this experiment. The two other cases are
similar. The observed polarization ratio exhibits a
well-pronounced anisotropy in azimuth: the
maximal value of P is in the downwind direction,
whereas minimum values are in the crosswind
directions. The ratio between upwind and
crosswind values of P is about 2dB. Chapron et al
(1997) also mentioned a significative difference
between HH and VV polarizations for the
azimuthal modulation deduced from the NSCAT
Ku-Band scatterometer observations.



Figure 7. X-band polarization ratio at 40 degree
incidence as a function of radar looking azimuth.
Symbols correspond to data obtained during the
POLARD-96 experiment (wind speed is about 10
m/s). Dashed line shows the prediction of the pure
Bragg model (Eq.1); lower dash-dotted line is the
prediction of the composite Bragg model (Eq.49);
solid line shows the prediction of the full NRCS
model, accounting for the non-Bragg scattering.

The model estimates of the NRCS polarization
ratio for the same conditions within the frame of
the pure Bragg model (upper dashed line) and
composite Bragg model (lower dash-dotted line)
are also shown in Figure 7. The first result is that
the observed polarized ratio is significantly less
than the one predicted by the Bragg theory. The
average difference between Bragg theory and
observation is about 4 dB for the pure Bragg
model and about 2 dB for the composite model.
These observations qualitatively imply that there
is a mean (azimuthally independent) contribution
of non-Bragg scattering mechanism. We associate
such a phenomenon with radiowaves scattering on
breaking waves. The second result qualitatively
obtained from this comparison is that the non-
Bragg part has also an anisotropic behavior. In our
model (see sec.4.3) we describe this as an effect
of tilting of breakers providing a stronger non-
Bragg scattering in the upwind direction (see Eq.
55 below). Figure 7 shows that the introduction in
the Bragg model of the cross-correlation of tilt
and hydrodynamic modulations does not provide a
behavior in azimuth that could explain the
observed data.

Figure 8. Averaged polarization ratio as a
function of the Bragg wavenumber at wind speed
8 to 12 m/s, and at incidence angles 30° (left
panel) and 45° (right panel). Dashed lines are
predictions of the pure (Eq.1) and composite
(Eq.49) Bragg scattering models (upper and
lower dashed lines respectively); solid lines are
predictions of the full NRCS model (Eq.59),
accounting for the non-Bragg scattering. Symbols
are radar observations: open circles are from
Unal et al. (1991); stars are from Masuko (1986).

Another example of results from the Bragg part of
the model is shown in Figure 8, which shows the
polarization ratio averaged in azimuth for two

incidence angles  (Fig 8a at 030 , Fig 8b at 045 )
and plotted as a function of the Bragg scattering
wavenumber. Experimental values from Unal et al
(1991), and Masuko et al (1986) are also shown in
Figure 8. These data relate to wind speeds in the
range 8 to 12 m/s. The experimental values of the
polarization ratio increase with increasing
incidence angle, and decrease with brk . Results
obtained from pure Bragg theory (upper dashed
lines), and from two-scale Bragg scattering model
(lower dashed line) indicate that the pure Bragg
predictions significantly overestimate obs-
ervations at both incidence angles; the larger is the
incidence angle, the stronger is the difference.
Accounting for the tilting waves effect (two-scale
NRCS model, lower dashed line in Figure 8)
results in a decrease of the polarization ratio.
Nevertheless, the overestimate of the observed
values of P  at θ = 450  remains; at θ = 300  the
overestimate is not so strong, but exists
nevertheless. Hence we suggest that the difference
between the two-scale NRCS model predictions
and the observed values of polarization ratio can
be related to the contribution of non-Bragg radar
scattering mechanism.

Figures 9 and 10 show observed values of the
upwind to downwind ratio of the NRCS for VV
polarization (left panels) and HH polarization



(right panels) obtained at different Bragg
scattering wavenumbers from Unal et al., (1991),
Jones and Schroeder (1978), Masuko et al.,
(1986). These data relate to wind speeds in the
range 8 to 12 m/s, and to incidence angles of 30°
(Fig.9) and 45° (Fig.10). To plot the data of Jones
and Schroeder (1978) we have used their
functional dependence presented in their Eq.(6),
whereas to plot the results of Masuko et al.
(1986), we have used Eq.(7) of these authors.
Values at 45° have been obtained from an
interpolation of their regression coefficients
obtained for other incidence angles.

The upwind to downwind ratio of NRCS is larger
in HH polarization than in VV-polarization.
Dashed lines in these plots show the model
predictions resulting from the two-scale
composite Bragg scattering model. As discussed
above, two mechanisms are responsible for the
upwind to downwind asymmetry: cross-
correlation between hydrodynamic modulations of
Bragg waves and slopes of longer tilting waves,
tilt of parasitic capillaries.

Figure 9. Upwind to downwind ratio (upper
panels) and upwind to crosswind ratio (lower
panels) as a function of inverse Bragg
wavelength, for VV and HH polarization, and at
incidence angle 30° and wind speed 8 to 12 m/s .
Dashed lines are prediction of the composite
Bragg scattering model (Eq.49); solid lines are
predictions of the full NRCS model (Eq.59),
accounting for the non-Bragg scattering. Symbols
are radar observations: open circles are from
Unal et al. (1991); crosses are from Jones and
Schroeder (1978); stars are from Masuko (1986).

The latter process works if Bragg scattering waves
belong to the capillary range. This effect results
for the model in a rapid increase of the upwind to
downwind ratio in the range of capillary Bragg
waves. At VV polarization and at both θ=30° and
θ =45°, the Bragg model predictions of the
upwind-to-downwind ratio of NRCS,
σ 0up

vv /σ 0down
vv , are consistent with measurements.

For HH-polarization and at kbr<1cm-1, the
experimental estimates of σ 0up

hh /σ 0down
hh  are larger

than the Bragg model predictions. At θ=45° this
difference is significant (one dB or more). Hence,
taking into account hydrodynamic effects in the
model is not sufficient to reproduce the observed
behavior in azimuth of the radar cross-section.

Figure 10. Same as in Fig.9, but for incidence
angle 45°.

The bottom plots in Figs. 9 and 10 present the
experimental and model estimates of the upwind

to crosswind ratio of the NRCS, crup 00 /σσ . The
experimental data illustrate the well-known
feature of the radar backscattering from the sea
surface: the upwind to crosswind ratio has a well
expressed dependence with the Bragg
wavenumber, showing a high degree of anisotropy
when kbr is in the capillary-gravity range of the
spectrum (Caudal and Hauser, 1996, Quilfen et al,
1999). Model estimates of the upwind to cross-
wind ratio based on the Bragg scattering model
(dashed lines) are consistent in overall with the
observations, although there is an apparent
overestimation of the model with respect to the
observed values at Bragg wavenumbers related to
X- and Ku-band.



In summary, from the comparison of the Bragg
model results with observations of the polarization
ratio and of the upwind/downwind ratio in HH,
we suggest that an additional non-Bragg scattering
process has to be taken into account in the
modeling of the total NRCS.   

4.3.  Non-Bragg scattering

Phillips (1988) originally proposed a
phenomenological model for the description of
non- Bragg scattering mechanism. This model
gives the overall contribution to the NRCS of the
scattering areas related to wave breaking events,
independent of what concrete mechanism is
responsible for the backscattering: specular
reflection, wedge scattering or scattering from
''rough'' structures of broken waves. The general
expression relating the contribution of non-Bragg
scattering to wave breaking statistics is given by
Eq.(9). Using the relation   Λ(k) ∝ u3g−3 / 2k1 / 2  for
the length of the wave breaking fronts, Phillips
(1988) obtained:
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where C(ϕ,θ) is a function of incidence angle θ
and azimuth ϕ.

Determining this function of two variables from
radar observation is quite difficult. To reduce the
number of unknown parameters, we use the recent
results of Ericson et al (1999) and the conceptual
approach of Wetzel (1986). Ericson et al (1999)
have investigated the radar scattering mechanisms
associated with wave breaking in laboratory
conditions. They performed X-Band radar
measurements at an incidence angle of 45°, in HH
and VV polarizations, and at numerous
streamwise positions along stationary breaking
waves. They showed that radar returns near the
breaking crest are the result of incoherent
backscatter due to the generation and tilting of
enhanced surface roughness by breaking waves.
They observed a polarization ratio of the
increased radar returns very close to unity (see
their Figure 3). They also showed that the
observed radar scattering from the breaking crests
was well reproduced by a scattering model in
Kirchhoff approximation, while the Bragg theory
reproduced radar returns from smoother areas
located far from the breaking crests. Ericson et al.
(1999) concluded that incoherent backscatter from
surface disturbances generated by breaking waves

may account for the high radar returns (or sea-
spikes), and it is not necessary to invoke other
mechanisms attributed to extreme shapes of
breaking waves to explain the observed behavior
of radar scattering from breaking waves.

To model the natural conditions of breaking
waves typical of the open ocean, we follow the
concept of Wetzel (1986, 1990), who propose that
breaking is mainly supported by spilling breakers
as described by the plume model of Longuet-
Higgins an Turner (1974). These spilling breakers
are characterized by a plume of rough surface due
to breaking elements falling down the wave crest,
and having a sharp entry into the underlying long
wave (see Fig. 32 of Wetzel, 1990) . Hereafter, we
first model the contribution of radar backscatter
due to the upper rough surface of the plume. We
assume that the radar returns from breaking waves
is a sum of individual contributions of increased
radar scattering from a discrete set of rough
surface areas (the plumes). We further use the
statistical description of wave fronts proposed by
Phillips (1988) to build a model of NRCS, which
separates the dependence with incidence and the
dependence with azimuth. Then, in section 4.4 we
propose a way to take into account the
contribution of the sides of the plume which
characterize the sharp entry of the plume into the
underlying wave.

To simplify the problem, we first consider the
case in which the wave field is in a narrow-band
surface in the range  k to k + dk , but with angular
energy distribution of arbitrary width. We assume
each breaker (or plume) with enhanced roughness
to be approximated by a flat surface of area dsj.
The angle between the normal to this area and the
vertical direction is θ’j, and its azimuth (relative to
the azimuth ϕ of the incidence plane) is ϕ’j. We
assume that the surface roughness of each breaker
is isotropic, and that the inverse wavenumber of
breaking waves k-1 defines the scale of all
statistical characteristics of the roughness, such as
its variance, radius of correlation etc. Then the

NRCS wb0σ  of each of such elements depends on
the local incidence angle θj=θ+θ’j (θ is the
incidence angle of radar observation), and on the
ratio of the radar wavenumber to the wavenumber
of breaking waves, i.e. σ 0wb = σ0 wb(θ +θ j

' , k /kr ) .
Moreover, according to the observations of
Ericson et al (1999), we suggest that σ 0wb does
not depend on polarization. Then, the contribution



of non-Bragg scattering to the total NRCS of an
observed area S0:

dσ wb (ϕ,θ ) =
σ 0wb ds j∑

S0

= σ0 wb (θ )dq + ∂σ0 wb

∂θ
θ j

'∑ cosϕ j
' dq j

(51)
where dq = ds j∑ / S0  is the fraction of the sea

surface covered by the area with increased radar
returns, and dqj=dsj/S0 is the fraction of individual
plumes. The second term in Eq.(51) describes the
tilting effect of enhanced surface roughness due to
the fact that the plumes are spread on the forward
face of breaking waves. If we assume that the tilt
of all scattering areas is approximately the same

(i.e. θ j
' =θ wb ) then Eq.(51) takes the form:

€ 

dσ wb (ϕ ,θ )= σ 0wb (θ ) dq + M twb θwb cosϕ j
' dq j∑ 

   
  

(52)
where Mtwb = (1 /σ 0wb )∂σ 0wb / ∂θ  is a tilting

transfer function, and θ wb  is a mean tilt of non-
Bragg scattering area.

Following the approach of Phillips (1988), we
relate the scattering area to the distribution
function Λ(k,ϕ) of the length of breaking fronts. It
is suggested that the contribution of breaking
fronts to dq is proportional to k-1Λ(k,ϕ)dk
(Phillips, 1985); when the angular distribution of
breaking fronts is not narrow then

dq ∝ dk Λ(k ,ϕ )dϕ∫ . Now Eq.(52) can be

rewritten as:
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where Λ k( k) = Λ(k ,ϕ1 )dϕ1∫  is the distribution

of breaking front lengths integrated over all

directions. Hereafter we suggest that θ wb  does not
depend on the wavenumber of the breaking wave.
This is a consequence of the self-similarity of
breakers of different scales.

Equation (53) relates to the case of narrow-band
wind waves. To obtain a relation valid for the
wide wave spectrum, we integrate Eq.(53) over all
breaking waves (k<knb):   

σwb(ϕ ,θ) ∝ 1+ M twbθwb Awb(ϕ)( )
k< knb
∫ϕ∫ σ0 wb(θ,k / kr )Λ(k,ϕ 1 )dϕ1 dk

(54)
where Awb(ϕ) is the distribution in azimuth of non-
Bragg scatters, which is

Awb (ϕ ) = Λk
−1 cos(ϕ1 −ϕ∫ )Λdϕ1

Equation (54) is similar to Eq.(9) originally
proposed by Phillips (1988). The advantage of our
Eq.(54) is that it gives the explicit azimuth
behavior of σwb (connected to the angular
distribution of wave breaking fronts), and that σ0wb

(unlike C in Eq.(9) has a physical meaning : it is
the NRCS of the plume area generated by a
breaking wave. According to the results of
Ericson et al (1999), the NRCS of breaking waves
σ0wb can be computed in the Kirchhoff
approximation if the statistical properties of
roughness enhanced by breaking waves are known
(in particular, roughness elevation covariance; see
their Eq.(8)). However, statistical properties of
breaker's roughness are poorly studied and the
proportionality coefficient relating dq  to

  k
−1Λ(k,ϕ )dk  is unknown. Thus we have to make

some additional assumptions. First of all, it is
reasonable to assume that σ0wb(θ,k/kr) vanishes at
large k/kr, say at k/kr>1. It means that only
breakers with scales exceeding the radar
wavelength can contribute to the increased radar
returns (note that the variance of breaker

roughness ζ wb

2
is proportional to k-2), hence

scattering parameter kr
2ζ wb

2
≈ (kr / k)2  decreases at

large k/kr. Secondly, we suggest that a cutoff of
σ0wb at large k/kr can be adopted in the upper limit
of integration in Eq.(54); it means that knb=brkr.
Then we have:

σ wb(ϕ ,θ ) = σ 0wb(θ ) 1 + Mtwbθwb Awb(ϕ )( )q (55)

where σ 0wb(θ )  is the NRCS of the plumes, which
is now a function of incidence angle only, and q is
the fraction of the sea surface covered by these
areas generated by wave breaking. Fraction q is
described in term of Λ(k,ϕ) as:

q = cq Λ(k,ϕ1
k <k nb

∫ϕ∫ )dϕ1 dk (56)

where cq is a constant.

We have defined the constant br as br =0.1. This
implies that the lengths of waves providing non-
Bragg scattering are more than 10 times longer



than the radar wavelength. However we should
account for the fact that in case of very short
radiowaves (e.g. Bragg waves in K-band), the
upper limit knb may relate to too short gravity
waves (say, wavelength shorter than 15 cm),
which rather generate parasitic capillaries than
generate turbulent breakers. We have already
suggested that the scattering of radiowaves from
parasitic capillaries obeys to the Bragg theory, and
this fact has already been taken into account in the
shape of the spectrum (Eq.(17) and in the NRCS
of the sea surface (see Eq.49) Therefore, the upper
limit of gravity waves generating breakers will be
further defined as knb=min(brkr,kwb) with
kwb=2π/0.15 rad/m. The distribution function
Λ(k,ϕ) (resulting from the transformation of
Eq.(28) from c-space to k-space) is:

Λ(k ,ϕ )− 1
2k

B(k,ϕ )
α

 
  

 
  

n+1

(57)

Eqs.(55-57) define the contribution of non-Bragg
scattering from breaking waves to the NRCS of
the sea surface. Constant cq and function σ 0wb(θ )
are unknown parameters of the non-Bragg
scattering model which have to be adjusted.

To show how this equation relates to Phillips'
model (Eq.50), we take into account that the
integral in Eq.(55) converges on the upper limit
(which is well inside the gravity range). Then we
have:

σ wb(ϕ ,θ ) ∝σ 0wb(θ ) 1 + Mtwbθ wbAwb(ϕ )( ) u*

cnb

 

 
  

 

 
  

2+ mg

(58)
where cnb=(g/knb)

1/2 is the phase velocity at k=knb,
and mg=2/ng is the wind exponent in the gravity
equilibrium range of the spectrum. Relation (58)
can be considered as a generalization of Phillips'
model (Eq. 50); at mg=1, and cnb = br

−1 / 2(g /kr )1/ 2 ,
Eq.(58) coincides with Eq.(50). The advantage of
our model is that it gives the explicit azimuth
dependence of non-Bragg scattering, which is
directly related to the angular distribution of the
breaking fronts.

As Mtwb is negative, Eq. (55) indicates that the
contribution of non-Bragg scattering to the total
NRCS is minimal in the downwind direction and
is maximal in the upwind direction of radar
observations.

4.4.  Parameters  of the non-Bragg scattering
model

We obtained the explicit relations describing the
sea surface NRCS supported by Bragg (Eq. (49))
and non-Bragg (Eq. (55)) scattering mechanisms.
Statistical properties of the sea surface accounted
for in the Bragg scattering model relate to the
"regular" surface with spectrum (17) resulting
from the energy balance equation. We suggest that
such a description of the sea surface is valid
outside the breaking zones. Hence, the NRCS due
to Bragg scattering has to be restricted by factor
(1-q). The remaining sea surface (with fraction q)
provides non-Bragg scattering and statistical
properties of these areas (with enhanced
roughness  generated by wave breaking) differ
from the "regular" surface. Hence the full model
of NRCS σ 0

p  is expressed as the sum of the Bragg
component σ br

p  and of the non-Bragg component
σwb.:

σ 0
p(θ,ϕ ) = σ 0br

p (θ ,ϕ )(1 − q) +σ wb (θ,ϕ) (59)
where we neglect the contribution of specular
reflection from "regular" waves  (Eq.8) because
we are interested at conditions of moderate
incidence angles (θ≥20°), where this term has to
be small.

For the non-Bragg scattering part σwb (defined by
Eq.(55) the function σ 0wb(θ )  and constant qc
must be specified. These parameters affect the
average polarization ratio, while the derivative of
σ 0wb(θ )  versus incidence angle

Mrwb = (1/σ 0wb )∂σ 0wb / ∂θ  times θ wb  (averaged
tilt of non-Bragg scattering areas) contributes to
the upwind-to-downwind ratio. To estimate
σ 0wb(θ ) , we use the experimental data reported
by Unal et al (1991) and by Masuko et al (1986)
shown in Fig. 8.

As developed, σ 0wb(θ )  is the NRCS of the areas
covered by plumes (splling breakers). Following
Ericson et al. (1999) findings, we suggest that the
NRCS of an individual breaking zone can be
estimated within the frame of Kirchoff
approximation. The NRCS for the quasi-specular
reflection described by Eq.(8) is the known
asymptotic solution of the scattering problem in
Kirchoff approximation. Since we suggested that
only breaking of waves much larger than the radar
wavelength contribute to the radar return, then the
condition of validity of Eq.(8) for the case of
breakers is fulfilled, and it can be used to
parameterize σ 0wb(θ ) . It is clear that an
appropriate choice of the mean square slope of the



breaker surface (say, it is swb ) allows us
immediately to use the shape of Eq.(8) as a
parameterization of σ 0wb(θ ) .

In addition, we have to take into account
scattering from the sides of the plume. We follow
Wetzel (1986, 1990) who assumes a cylindric
geometry for this front of the plume,  providing
specular-condition of reflection whatever the
incidence angle is.

To account for this mechanism in our
parameterization of σ 0wb(θ ) , we suggest that the
local NRCS of the sides of the plume can also be
estimated by Eq.(8)  estimated at θ = 00 . We
further assume that mean square slope of the
breaker sides is the same as the one of its "cap".
Then contribution of the plume sides to the NRCS
of the breaking zone can be estimated as
σ 0wb ∝ εwbswb

−2 , where ε wb  is a constant.
Intrinsically the expression for the normalized
radar cross-section implies that the constant

wbε represents the ratio of the breaker thickness to
its length (because radar cross-sections are
normalized by the surface). Since the
contributions to the backscatter, of the "cap" of
the plume and from its side  are independent, the
NRCS of the breaking zone reads:

σ 0wb(θ ) = (sec4 θ /swb
2 ) exp(− tan2 θ / swb

2 ) + ε wb /swb
2

(60)
where we recall that 2

wbs  is the mean square slope
of enhanced roughness (assumed isotropic) of the
wave breaking zone. This quantity is wind
independent. The second term in (60) becomes
dominant at large and grazing incidence angles, in
agreement with the well-known fact that at
grazing angles, the non-Bragg mechanism is
important (see e.g. Wetzel, 1990 or the recent
paper of Churyomov  and Kravstov, 2000).

To find the constants swb
2  and ε wb  defining

σ 0wb(θ )  (by Eq.(60)) and constant cq defining the

fraction of the sea surface covered by breaking
zones (Eq.(56)), we use the experimental data
reported by Unal et al (1991) and by Masuko et al
(1986) and known estimates of the sea surface
NRCS at grazing angles. Constants cq  and swb

2  are
chosen so that the model polarization ratio at
θ=30° and θ =45° is in agreement with the
experimental observations shown in Fig.8, while
constant ε wb  is chosen so that the model estimate

of σ 0
hh ≈ σ 0

vv  at grazing angles is in agreement
with empirical estimates of NRCS at HH
polarization (for C-band it is –40 to –30 dB). The
set of constants which will be further used in
Eq.(60) is  cq=10.5, swb

2 =0.19, ε wb =0.005.

With a proportionality coefficient cq=10.5,
relation (56) gives a reasonable estimate of the
fraction of the sea surface covered by breaking
zones. It gives q=3%, at U10=10 m/s, and q=18%
at U10=20 m/s. Furthermore, with the specified
values for swb

2  and ε wb , the expression for the
NRCS of an individual breaking wave gives
σ 0wb =-3.4 dB at the incidence angle θ =40° and
σ 0wb =-8.8 dB at θ =45°. These estimates are
consistent with Ericson et al (1999)
measurements. They indeed reported that the
NRCS of a breaking wave at θ =45° in VV and
HH polarization, is -3 dB in the upwave look
direction (with a slope of breaking waves of about
5°) and -6 dB in the “downwind'' direction.

The last tuning constant to be chosen is the tilt of

enhanced scattering areas of breaking waves θ wb

(see Eq. 55). As it was discussed above, this
constant influences the upwind-downwind
difference of the NRCS. It is chosen here to match
upwind-to-downwind radar observations ( Unal et
al, 1991, Jones and Schroeder, 1978, Masuko et
al, 1986) shown in Fig. 9 and 10.Accordingly, we

fix θ wb  =5.10-2. Note that the constant

θ pc responsible for the tilt of parasitic capillaries,

and used in Eqs.(48-49) is also specified as

θ pc =5.10-2.

Model predictions of the polarization ratio
accounting for the non-Bragg scattering are shown
in Fig.8 (solid line). Since σ br

vv  is larger than σ br
hh ,

the impact of the non-Bragg scattering (which is
independent of polarization) results in the
decrease of the polarization ratio with respect to
the Bragg scattering predictions. An important
feature is that the polarization ratio decreases with
increasing radar frequency, in agreement with
observations. The predicted upwind-to downwind
ratio is shown in Fig 9 and 10 (solid lines, top
panels). As expected, the non-Bragg scattering has
a larger influence on the upwind to downwind
ratio in HH-polarization than in VV polarization.
Accounting for the non-Bragg scattering also



decreases the upwind to crosswind ratio
σ 0up

p /σ 0cr
p  for both HH and VV polarizations.

In summary, accounting for the non-Bragg
scattering component is necessary to bring model
predictions in closer agreement with observations
in terms of polarization ratio, the upwind-to-
downwind and upwind-to-crosswind ratios. In the
next section, we will further evidence of these
features, by comparing the model results with
other independent data sets.

5. Results of the full model compared to
observations

Radar observations presented in Figs. 8 and 9
were used to adjust the parameters in the non-
Bragg scattering part of the NRCS model. Once
defined and fixed, we use other radar observations
to check the validity of the model.

5.1 Comparison of the X-Band polarization ratio
from thePOLRAD-96 experiment

Model predictions in the conditions of the
POLRAD-96 airborne X-Band radar observations
are presented in Fig.7. Compared to the case of
the Bragg model, accounting for the non-Bragg
scattering mechanism significantly improves the
agreement between the model predictions and
measurements. The non-Bragg scattering
inclusion decreases the polarization ratio at all
azimuths, and provides a behavior of P(ϕ) with
azimuth very similar to the observed one, with
maximal values of the polarization ratio in the
downwind direction.

5.2 Comparison with empirical models of ERS
and NSCAT at C and Ku-Bands

Empirical models of the NRCS established for the
satellite wind-scatterometers of ERS1-2 (C-Band,
VV-polarization) or for the NSCAT scatterometer
(Ku-Band, VV and HH polarizations) on the
ADEOS platform can also be compared. The
wind-scatterometer data from the satellites ERS1-
2, and NSCAT are inverted in terms of wind
vector by means of empirical models, usually
expressed in the form of a truncated series of the
look angle (with respect to the wind).

To compare our model results with these
empirical models, we express (59) in the form of a

truncated Fourier series, which is a standard form
of presentation for wind-scatterometer data:

σ 0
p(θ,ϕ)= A0(θ )−A1 (θ ) cos(ϕ−ϕw ) +A2 (θ ) cos(2(ϕ−ϕw ))

(61)
where Ai(θ) are coefficients, which depend on
incidence angle, wind speed, and radar frequency.
Note that with our convention, the direction ϕ=ϕw

is the downwind direction, whereas ϕ=ϕw+π  is
the upwind direction.

One of the current operational wind retrieval
algorithms for the C-Band wind-scatterometer of
ERS1-2 (in VV polarization) is the so-called
CMOD-IFR2 model (Bentamy et al, 1994). In this
model, coefficients of the geophysical function of
the type of Eq.(61) was obtained by collocating
triplets of NRCS provided by the wind-
scatterometer at three azimuth angles with either
wind vector data from meteorological analyses or
in situ data. It was independently validated with a
large set of in situ data. Similarly, Wentz and
Smith (1999) proposed an empirical model at Ku-
band, VV- and HH- polarizations derived from the
NSCAT observations.

Results of our model in terms of the coefficients
p

iA  are compared with the corresponding
coefficients of the NSCAT and ERS empirical
models in Figures 11 (NSCAT, Ku-band) and 12
(ERS, C-band). These figures show the
dependence of the coefficients with wind speed at
the incidence angle of 45°. Similar results are
obtained at other incidence angles. For ERS, only
the VV polarization is available from the
observations, whereas for NSCAT, both the VV-
and HH- polarizations are available. The
comparison of our model predictions with the
empirical functions of NSCAT and ERS, shows
that our model reproduces reasonably well all the
empirical scattering coefficients Ai

p  and their
dependence with wind speed. Although we cannot
rely on the absolute Ai

p  values of NSCAT
(NSCAT was calibrated in a relative sense), we
can assess the model by the fact that the
agreement is quite good for the azimuthally
averaged NRCS (coefficients A0

p ) of ERS at
moderate and high wind speeds and for the
behavior with wind speed at both polarizations
and radar wavelengths. We recall here that the
surface model (wave spectrum) was tuned to fit
only the observations of an integrated spectral
parameter (mean square slope), and that the non-



Bragg scattering model was only adjusted to
polarization ratio observations. Coefficients
A1

p and A2
p  (normalized by A0

p ) calculated from
our model are in reasonably good agreement with
the empirical models of ERS and NSCAT.
A1

p / A0
p  is larger in HH than in VV polarization

and shows only a weak dependence with wind
speed (except at C-Band). The empirical values of
A2

p / A0
p  show a local maximum at wind speed

around 7 m/s. Our model reproduces a correct
behavior of this quantity, with increasing values at
light wind and constant or slightly decreasing
values at moderate and high winds.

Figure 11. Coefficients of the truncated Fourier
series (Eq.61) as a function of wind speed for the
Ku-band NRCS, incidence angle 45°, VV-
polarization (left panels) and HH-polarization
(right panels). Solid lines are for the present
model; open circles refer to the empirical NSCAT
model (Wentz et Smith, 1999).

Figure 13 shows the behavior of the azimuthally
averaged polarization ratio with wind speed at
incidence angles of 30, 45 and 60 degrees. The
empirical values (symbols) are here again derived
from the geophysical function used for NSCAT.
Results of our model are plotted on the same
figures for the pure Bragg case (dashed line),
composite Bragg (upper solid line) and complete
model (composite Bragg plus non-Bragg, lower
solid line). At all incidences, the difference
between the empirical polarization ratio and the
model predictions based on pure Bragg or
composite Bragg scattering models is apparent
and very strong. None of these models is able to
reproduce the order of magnitude of the
polarization ratio. This discrepancy increases with

incidence angle. In contrast, model calculations
accounting for the non-Bragg scattering are quite
consistent with the empirical data at all incidence
angles: both the order of magnitude and the trend
with wind speed are well reproduced by the model
when non-Bragg scattering is accounted for.

Figure 12. Coefficients of the truncated Fourier
series (Eq.61) as a function of wind speed for the
C-band NRCS, incidence angle 45°, VV-
polarization (left panels) and HH-polarization
(right panels). Solid lines refer to the present
model, and open circles to the empirical CMOD-
IFREMER model (Bentamy et al, 1994).

Figure 13. Averaged polarization ratio for Ku-
band as a function of wind speed at various
incidence angles 30°,45° and 60°. Open circles
are correspond to the empirical NSCAT model;
lower solid lines are for the model predictions
accounting for the non-Bragg scattering
mechanism; upper solid lines are predictions of
the composite Bragg-model; dashed lines are
predictions of the pure Bragg-model.

The main difference between our results and the
empirical values is for vvvv AA 02 /  in Ku-Band and
VV-polarization where we find a nearly constant
behavior with wind speed, whereas the empirical



results show a decrease of vvvv AA 02 /  with wind
speed.

5.3 Comparison with results from RADARSAT
at C-Band, HH polarization

A further assessment of our model is also obtained
by comparing the C-Band polarization model
predictions with available empirical estimates.
Figure 14 shows the results of the full model for a
wind speed of 10 m/s (solid line). Results from the
pure Bragg model (dotted line) and from the
composite Bragg model (dashed line) are also
shown in Fig.14. Note that only the composite
Bragg model and the full model provide a
dependence of the polarization with wind speed
(not shown), with a larger dependence with wind
speed for the full model. At 40° incidence, the
polarization ratio VV/HH for the full model varies
from 2.6 to 4.3 dB when wind decreases from 15
to 5 m/s, whereas it varies from 4.7 to 5.3 dB for
the composite Bragg model.  For comparison, we
have plotted in Fig.14, the best fits obtained by
Horstmann et al (2000) and by Vachon et al
(2000). Horstmann et al (2000) estimated the
polarization ratio at C-Band by collocating
observations of the RADARSAT Synthetic
Aperture Radar (C-Band, HH polarization), and
data of the ERS-2 scatterometer (C-Band, VV
polarization). It must be noted that their study
shows a large scatter around the best fit (plotted in
Fig.14), partly due to the variety of wind
conditions and looking angles. Vachon et al
(2000) also estimated the polarization ratio in C-
Band by comparing observed values of NRCS
from RADARSAT (HH-polarization) with values
of NCRS calculated by combining in situ wind
measurements and the empirical C-Band model
valid for the VV-polarization. Their results show
the polarization ratio to be a function not only of
incidence angle, but also of wind speed and look
direction with respect to the wind direction. By
combining all their estimates, they propose a best
fit (plotted in Fig.14). Here again, a large scatter
around the best fit is observed in the results of
Vachon et al (2000). For both comparisons, our
full model gives polarization ratios which are
larger than the experimental best fits, but in better
agreement with these empirical results than when
a pure Bragg or composite Bragg model is used.
Some uncertainties in the data may also come
from the fact that the RADARSAT data had to be
corrected for a saturation in the received signal
(Vachon et al, 2000). An “hybrid” expression of

the polarization ratio was also proposed by
Thompson et al (1998) as:

σ 0
hh /σ 0

vv =
(1 + s tan2 θ )2

(1+ 2tan2 θ )2 (62)

Based on the study of Campbell and Vachon
(1997) which also uses RADARSAT data, a value
of 0.6 for the parameter s has been proposed by
Thompson et al (1998). Equation (62) with s=0.6
is also plotted in Fig.14. The agreement with our
full model is quite good.

Figure 14: Polarization ratio (VV/HH) in C-Band
versus incidence angle. Results from the pure
Bragg model, composite-Bragg and full model
(including non-Bragg scattering) at a wind-speed
of 10 m/s are given by the dotted, dashed and
solid lines. Lines with square symbols, and
diamonds are the best fit of Horstmann et al
(2000), and Vachon et al (2000), respectively.
Line with triangles is Eq.(62), with s=0.6

5.4 Comparison with airborne RESSAC data
from the FETCH and SEMAPHORE
experiments

The RESSAC system is an airborne FM/CW radar
initially developed for measuring ocean wave
directional spectra (Hauser et al., 1992). It
operates at C-band (5.35 GHz) and HH
polarization. In its nominal mode it probes the sea
surface over the range of incidence angles
7°<θ<21°. During the most recent campaigns
(SEMAPHORE in 1993, FETCH in 1998), it was

also operated in a mode allowing to measure hh
0σ



in the range 27°<θ<41°. By combining these
different modes of operation, a method was also
developed to deduce the hydrodynamic MTF near
30° incidence angle (Hauser and Caudal, 1996).

Figure 15. Upwind-to-down-wind ratio (left) and
upwind-to-crosswind ratio  (right) of the NRCS
versus wind speed. Airborne radar observations
obtained in FETCH (open circles), and in
SEMAPHORE (open squares) experiments. Solid
lines are model calculations. Conditions are: C-
band, HH polarization, incidence angle 30
degrees.

Figure 15 shows the upwind-to-downwind and

upwind-to-crosswind ratio of hh
0σ , obtained by

RESSAC during the SEMAPHORE (open square)
and FETCH  (open circles) campaigns, together
with the outputs of our model. The order of
magnitude and wind trend of σ 0up

hh /σ 0down
hh  (left-

hand panel) is satisfactorily reproduced on the
average. In the right-hand panel, however, it can
be seen that the model cannot reproduce the wind
dependence of σ 0up

hh /σ 0cross
hh  although it reproduces

correctly the average value. Measurements exhibit
a clear increase of the upwind to crosswind ratio
with wind speed, while the model predicts rather
constant behavior with wind speed. To interpret
this discrepancy we note that at low winds, the
wind direction can be highly variable and this
permits to understand why the radar azimuthal
signature is much more isotropic than predicted
(remind that in the model  wind variability is not
accounted for). An experimental evidence of the
influence of wind variability on the azimuthal
anisotropy of the NRCS is given in (Carswell et
al, 1999). At high winds (12-16 m/s), however,
the upwind to crosswind ratio measured by
RESSAC exhibits large fluctuations (between 3.5
and 6 dB), with average value higher than the
model prediction (about 3 dB).  The weak
dependence of the upwind to crosswind
anisotropy of the model with wind speed is

explained by the fact that the breaking term does
not contribute to the upwind to crosswind
difference (it only gives the upwind to downwind
wind difference). Hence when the relative role on
the non-Bragg scattering increases (with wind
speed), it results in a decreasing of the upwind to
crosswind anisotropy.

5.5 Summary on the comparisons

The general conclusion about these comparisons
is that the pure Bragg or 2-scale Bragg model
overestimates significantly the polarization ratio.
Introducing the non-Bragg scattering gives better
agreements with observations. It also explains the
large range of variation of the polarization ratio
with wind speed mentioned in experimental
studies (not shown). Further validation of the
model in C-band would require a larger set of
observations. In this respect, the launch of
ENVISAT, with its multi-polarization SAR
system will provide a very useful new source of
data. In addition, further work is necessary to take
into account all the mechanisms (in particular
wind variability) which can affect the upwind to
crosswind ratio.

6. Conclusion

The general motivation of the study presented in
this set of two papers is to build and assess a
physical model of the NRCS, which can be
applied to various studies related either to the
background features of the radar scattering of the
sea surface or to the modulations of this
backscattering visible in radar images. In this part
I we have presented the semi-empirical model  of
the NRCS and assessed it in a large range of radar
frequency, incidence angles, and wind conditions.

The NRCS model consists of two modules. The
first one describes the statistical properties of the
sea surface itself. This description is based on the
physical model of short wind wave spectrum
(from a few millimeters to a few meters)
developed by Kudryavtsev et al (1999), and on the
model of statistical characteristics of wave
breaking events proposed by Phillips (1985). The
combination of these two models gives a
description of all the statistical properties of the
sea surface (spectrum, mean square slope, wave
breaking parameters) that are needed for the
electromagnetic part of the model. It is important
to note that the surface model has been tuned only



to reproduce the observed mean square slope of
the sea surface. The second module relates to the
calculations of radar backscattering from the
surface with known statistical properties. To
describe the Bragg scattering component of the
sea surface a standard composite Bragg scattering
model is used. The composite model takes into
account the influence of long surface waves
carrying Bragg scattering waves. This influence is
described via tilting and modulation of short
waves by longer waves. Both effects can be
estimated within the frame of our sea surface
model because the wave spectrum is specified in a
wide range of wavenumbers, and the effect of
short wave modulation by longer waves can be
easily taken into account. In the capillary range,
cross-correlation between modulations of short
waves and tilt of longer waves appears, due to
parasitic capillaries spread on the forward slope of
very short breaking gravity waves.

Comparison of the Bragg scattering model
predictions with available radar observations
shows that such a model (based on Bragg
scattering only) fails to reproduce several
characteristics of the data. The main discrepancy
relates to the polarization ratio. The Bragg
scattering model polarization ratio significantly
exceeds the observed polarization ratio at all
incidence angles and radar frequencies. In
addition, we have shown that even taking into
account hydrodynamics effects, the Bragg model
is unable to correctly reproduce the upwind to
downwind ratio of the NRCS. Hence, both results
suggest that some mechanism supporting non-
Bragg scattering from the sea surface must be
included in the NRCS model.

It has been often suggested that at moderate and
large incidence angles, a non-Bragg scattering
mechanism connected with breaking waves also
contributes to the NRCS. To describe this
contribution to the NRCS we used the recent
experimental results of Ericson et al (1999). They
showed that incoherent backscatter from surface
disturbances produced by breaking waves
explains the high radar return, while other
possible mechanisms (wedge diffraction, specular
reflection etc.) do not necessarily need to be
invoked to interpret their data. Using this fact we
have modeled the NRCS of the sea surface as a
superposition of ''regular'' sea surface (where
backscattering is associated with the Bragg
mechanism) and surface areas with enhanced

roughness produced by breaking waves. We have
followed the conceptual model of Wetzel (1986,
1990), based on the Longuet-Higgins and Turner
(1974) physical model. Each breaking zone is
associated with a spilling breaker characterized by
a plume of rough surface falling down the wave
crest, and having a sharp entry into the underlying
long wave. We have modeled the contribution to
radar backscatter due of the upper rough surface
of the plume and of its side .To describe the radar
response of an ensemble of plume surfaces , the
wave breaking statistics proposed by Phillips
(1985) has been used. The model of non-Bragg
scattering is represented by a sum of highly
scattering areas (radar targets) with unknown
NRCS, which is the main tuning parameter of the
non-Bragg scattering model. To estimate this
tuning parameter we have suggested that the
NRCS of breaking areas can be described as the
sum of the NRCS associated with quasi-specular
scattering from the upper rough surface of the
plumes and of the NRCS associated with the front
side of the plumes.   Then the determination of the
unknown function is reduced to the determination
of three unknown constants which are: variance of
the slopes of enhanced roughness in the breaking
zones (which is wind independent), fraction of the
sea surface covered by zones of enhanced
roughness (breakers), and ratio of breaker
thickness to its length.  These constants are
defined so that the model azimuthally averaged
polarization ratio is in agreement with the
observations of Unal et al. (1991), and the model
NRCS at large incidence angles is in agreement
with the one observed at grazing angles. After that
the NRCS model is completed.

Validation of the model has been carried out by
comparing the model predictions with X-band
radar observations of Hauser et al (1997), with the
empirical Ku- and C-band NRCS empirical
functions for NSCAT and ERS, and with C-Band
data of the RESSAC airborne data. An overall
good agreement in a wide range of incidence
angles and wind conditions was obtained. Results
show that the polarization ratio is a function not
only of radar frequency and incidence angle, but
also of wind speed and look direction with respect
to the wind direction.

In Part 2, we extend the surface model to analyze
the interaction of short waves with longer surface
waves and its consequence on the radar
Modulation Transfer Function (MTF). We will



particularly discuss the results in the HH-
polarization, because existing models fail to
reproduce it. A further validation of the model
will be presented by comparing the
Hydrodynamic part of the MTF to estimates
obtained during the FETCH campaign from the
airborne radar RESSAC (C-Band, HH-
polarization).

More generally, because our approach is based on
the description of the sea surface which is
deduced from the solution of the energy balance
equation for the wind generated waves, it gives
the possibility to study both the background
scattering properties of the sea surface and the
response of the radar backscattering to the
dynamical processes in the ocean upper layer
which affect (via wave-current interaction, for
instance) the energy balance in wind generated
surface waves. For this goal the energy balance
equation of wave in the presence of non-uniform
current should be used, with the same energy
source/sink terms that was used for the
background spectrum.   
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APPENDIX: A Simplification of the composite
model.

Within the frame of the composite model, the
NRCS of the sea surface is given by Eqs. (1), (3),
(4), and (5). In real condition the mean square
slope of the tilting waves is small, therefore these
equations can be significantly simplified. We shall
evaluate Eq.(5) to the second order in the slope of
the tilting waves. Bragg scattering geometric
coefficients Gp

2
? ?

are (remind that x-axis is directed

along the incidence plane)

2
2),( vyxv GG =− ζζθ (A1)
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Gh (θ −ζx ,ζ y )
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Then the NRCS can be written as
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where Gp = G p(θ −ζ x )  and Gp0 = Gp (θ )
? ?

 are

geometrical coefficients depending on local and
mean incidence angle respectively, kb=2krsin(θ-ζx)
is the Bragg scattering wave number at local
incidence angle. To the second order in the slope
of tilting waves Equations (A3-A4) can be written
as: 

σ br
p = σ 0br

p 1− Mt 0
pζ x +

˜ B r
Br 0
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(A5)

where σ 0br
p =16πkr

4 G p0

2
kb0

−4Br0  is the NRCS of

the sea surface without accounting for the tilting
effect, Br0=Br(ϕ,kb0) is the background saturation
spectrum at k=kb0 (kb0=krsinθ is the Bragg
wavenumber at the mean incidence angle),
Mt 0

p = (1 /σ0 br
p )∂σ0br

p /∂θ  is the so-called tilt

component of the radar MTF, ˜ B r  is the spectrum
variation due to SW modulations by tilting waves,
gp is a polarization coefficient accounting for the
impact of the tilting waves in the second order
given by:

€ 

gv = (1 / 2σ 0br
v )∂2σ 0br

v / ∂2θ (A6)

for the VV polarized scattering, and

€ 

gh = (1/ 2σ 0br
h )∂2σ 0br

h / ∂2θ 2 + 2 / sin2θ0( )Gv0 / Gh0 ς y
2 / ς x

2( )
(A7)

for the HH polarized scattering.

To avoid unnecessary complications, in Eq.(A5)
we have omitted a term describing the change of
saturation spectrum in the second order (this term
can be defined as a solution of the wave action
conservation equation in the second order). From



the one hand, this term is negligibly small in
comparison with the tilting effect (fourth term in
r.h.s of Eq.(A5); see (Plant, 1986)), from the other
hand the averaged second order correction of SW
spectrum may be simply accounted for in Br0.

Averaging Eq.(A5) over the scales of the tilting
waves (their wavenumbers satisfy condition: k<Kt

and assuming that ζ x = 0  and 0
~ =rB , we obtain

the following relation for the sea surface NRCS:

σ br
p = σ 0br

p 1+ gpζ x
2 − Mt 0

p

Br 0

ζ x
˜ B r

 

 
  

 

 
     (A8)

The second term in the r.h.s of Eq.(A8) gives the
contribution of ''pure'' tilt effect to the NRCS,
while the third term describes the cross correlation
of tilt and hydrodynamic effects. Plant (1986)
showed that the relative impact of the latter term
(in comparison with the ''pure'' tilt effect) is small.
However, within the frame of the composite
model only this cross-correlation term is
responsible for the NRCS upwind-downwind
difference.
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ABSTRACT

Multi-scale composite models based on the Bragg
theory are widely used to study the normalized
radar cross-section (NRCS) over the sea surface.
However, these models are not able to correctly
reproduce the NRCS in all configurations. In
particular, even if they may provide consistent
results for VV polarization they fail in HH
polarization. In addition, there are still important
discrepancies between model and observations of
the Radar Modulation Transfer Function (MTF),
which relates the modulations of the NRCS to the
long waves. In this context, we have developed a
physical model, which takes into account, not
only the Bragg mechanism, but also the non-
Bragg scattering associated with radiowave
scattering from breaking waves.  The same model
was built to explain, both the background NRCS
and its modulation by long surface wave (wave
radar MTF problem).  In part I, the background
NRCS model was presented and assessed through
comparisons with observations. In this Part II, we
extend the model to include a third underlying
scale associated with longer waves (wavelength ~
10 to 300 m) to explain the modulation of the
NRCS. Two contributions are distinguished in the
model, corresponding to the so-called tilt and
hydrodynamic MTF. Results are compared to
observations (already published in the literature or
derived from the FETCH experiment). As found,
taking into account modulation of wave breaking
(responsible for the non-Bragg mechanism) helps
to bring the model predictions in closer agreement
with observations. In particular the large MTF
amplitudes for HH polarization (much larger than
for VV polarization) and MTF phases are better
interpreted using the present model.

1. Introduction

Multi-scale models based on the Bragg theory are
generally found to fail reproducing satisfactorily
the behavior of the normalized radar cross-section
(NRCS) over a large range of radar frequencies,
incidence angles, environmental conditions (wind
and waves) and for the different polarization
states. In particular models, which may provide
consistent results for VV polarization, are not in
agreement with observations for HH polarization
(e.g. Plant, 1990; Janssen et al 1998). In addition,
models based on the same theory to predict the
modulations of radar cross-section along the
longer waves, also exhibit discrepancies with
reported measurements. This is particularly true
for the HH polarization (Schmidt et al, 1995).

In this context, the general goal of this set of two
papers (Part I and Part II) is to present a semi-
empirical model of the normalized radar cross-
section (NRCS) which is consistent, in terms of
both mean and modulation, with VV- and HH-
polarized radar observations over a large range of
radiowave frequencies and incidence angles. In
part I, we presented the model describing the
statistical properties of the sea surface (including
statistical characteristics of wave breaking
events), and the related radar backscattering
model including Bragg and non-Bragg scattering.
In this Part 2, we extend these developments to
infer the wave-radar Modulation Transfer
Function (MTF).

As defined, the MTF is the linear response
function relating the slope of the long waves to
the wave-induced variation of the radar return
(Keller and Wright, 1975). Two contributions are



usually distinguished, tilt and hydrodynamic,
respectively. The tilt modulation of NRCS results
from changes of the local incidence angle along
the Long Wave (LW) profile. The hydrodynamic
part of the radar MTF describes the contribution
to the total MTF of the modulation associated
with the scattering characteristics along the LW
profile. Field experiments have been deployed in
the past to estimate the radar MTF (e.g. Plant et
al, 1983, Schroeder et al, 1986, Schmidt et al,
1995, Keller and Plant, 1990, Grodsky et al,
1999). The collected measurements give a
consistent picture of the MTF dependence with
respect to the radar frequency, the wind speed,
and the LW characteristics. The main features
experimentally established are: a well pronounced
dependence of the MTF with wind speed (except
maybe in L-band) with a decreasing MTF
amplitude with increasing wind speeds, an
increase of the MTF amplitude with decreasing
LW frequency, an amplification of the radar
scattering in the vicinity of wave crests. Under a
pure Bragg scattering model, the magnitude of the
tilt contribution is wind independent, and its phase
follow the LW slope. Consequently, all of these
measured features must certainly be attributed to
the hydrodynamic MTF. Moreover, another
important experimental result related to the
hydrodynamic MTF, is that its magnitude found
for HH polarization (after subtracting the tilt
component) is larger than that found from the VV
polarization (e.g. Hara and Plant, 1994, Schmidt
et al 1995). Following the Bragg theory and using
the wave action conservation equation written in
the relaxation approximation (Alpers and
Hasselmann, 1978), some success has been
obtained to relate the measurements and the
straining effects associated with the long wave
orbital velocity field. However such effects should
be strongly attenuated as the radar frequency
increases. This has not been generally observed.
To explain the observed MTF features Hara and
Plant (1994), Romeiser et al (1994) and others
suggested a wind stress modulation mechanism.
This mechanism assumes a modulation of the
Bragg waves associated with strong variations of
wind surface stress along the LW profiles.
According to the observations, this assumption
implies that the magnitude of this modulation is
very large (normalized amplitude 10-times larger
than the LW steepness) and with a marked
intensification near the LW crests. However in all
these studies, it was mentioned that there is no

experimental evidence showing such strong wind
stress variation in reality.

In the present development, we wish to emphasize
the expected potential impact associated with the
non-homogeneous distribution along the LWs of
small scale breaking waves. As developed in Part
I, our NRCS model takes into account both the
Bragg and non-Bragg scattering mechanisms. The
latter is associated with microwave scattering
from breaking waves. Model calculations and
comparison with available measurements
presented in Part 1, showed that radiowave
scattering from breaking waves could
significantly contribute to the NRCS at moderate
incidence angles, especially for HH polarization.
Field observations by Dulov et al. (2002) show
that the breaking waves are very strongly
modulated by the dominant surface waves: the
normalized modulation amplitude was found
about 20-times larger than the LW slope. While
the wave breaking contribution to the backgroumd
NRCS might be small, one can expect that large
modulations of breaking waves significantly
affect the radar MTF.

To analyze the hydrodynamic MTF we will thus
consider three contributions. The first one results
from the modulations of the short wave (SW)
spectrum at the Bragg wavenumber. Following
our 2-scale development, the second contribution
is associated with the mean square slope
modulations of the second scale (tilting waves) by
the third LW scale. Finally, the third contribution
comes from the modulations of the wave breaking
parameters by LW. Romeiser et al (1994)
developed their MTF model accounting for the
first two contributions (Bragg waves and slope of
the second scale). The impact of the modulation
of wave breaking on the radar MTF has never
been analyzed. We will show that this mechanism
may play a crucial role in the radar MTF at both
HH- and VV-polarizations. In addition, this
mechanism could explain the observed difference
between VV and HH measurements, predicting
larger amplitudes of the hydrodynamic MTF for
HH polarization. To our knowledge, these features
have never been consistently reproduced within
the frame of a Bragg scattering model (neither
pure Bragg model nor three scale composite
model).

It must be emphasized that, in our analysis, the
description of SW and wave breaking



modulations, and their subsequent contributions to
the radar MTF, are based on the same energy
balance equation. Furthermore, the model is based
on a self-consistent description of the background
NRCS of the sea surface and its modulations by
dominant surface waves.

In Section 2, we present the main equations for
the tilt and hydrodynamic parts of the radar MTF.
In each case, the contributions of Bragg and non-
Bragg scattering processes are described. Section
3 presents the model describing the modulations
of the SW spectrum. Results for the different
components of the radar MTF model are
presented in section 4, while section 5 is devoted
to the comparison between model results and
observations (data already published and data
processed for this study from the FETCH
experiment). Conclusions are presented in section
6.

2. Radar MTF

The radar modulation transfer function (MTF)
describes the linear response of the sea-surface
radar backscatter in the presence of long surface
waves (LW). The term LW implies that the
wavelength of these longer waves is much larger
than the correlation length associated with the
shorter waves. Let us assume that a LW with
amplitude A and wavenumber K is running along
the x1-axis:
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where c.c refers to the complex conjugate. Under
a linear modulation model, this LW will induce a
small variation of the sea surface NRCS, so that
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0σ̂  is a complex amplitude. The radar

MTF M was originally introduced by Keller and
Wright (1975) and in our notations it reads:
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Note that throughout the paper we use the term
MTF to describe the LW-induced modulation of
any quantity Y. So that the definition of the MTF
MY is:
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where Ŷ  is the complex amplitude of the
harmonic response of quantity Y to the LW
(Eq.1), and Y  is its mean value. Negative

imaginary part of Ŷ  means that maximum of Y
variation is shifted on the forward slope of the
LW and vice versa. Correspondingly, in all
figures below  positive MTF phase means that
maximum of a Y variation is located on the
forward LW slope.

2.1 Governing equations

To study the radar MTF problem we use the semi-
empirical model presented in Part I. In the frame
of this model, we consider moderate incident

angles θ  (20°<θ <70°), and the NRCS p
0σ is

presented as a sum of a two-scale Bragg scattering

part p
brσ , and a non-Bragg scattering part wbσ :

wb
p
br

p σσσ +=0 (5)

For the radar MTF problem, the NRCS for the
Bragg part is written as:
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where ϕ is the radar look direction, p
br0σ is the

NRCS for the pure Bragg scattering defined by
the surface elevation  spectrum ),( ϕbrr kF  at the
Bragg wavenumber kbr
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kbr=2krsinθ,   kr is the radar wavenumber, θ  is
incidence angle, )(θpG  is the Bragg scattering

geometric coefficient, pg  is the coefficient

accounting for the tilting effect of longer surface
waves carrying Bragg waves (see Part 1 for more
details). With respect to the expression of pg



used in Part 1 (see Equation 33 of Part 1), a
simplified form is used here by omitting the cross-
polarization term, so that
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In Eq.(6), 2ζ∇  is the mean square slope (mss) of

the so-called tilting waves associated with the
second scale. It is given by:
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where kt is the upper limit of the tilting waves
range (chosen as kt=1/5kbr), B is the curvature

spectrum (defined as 
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B(k) = k 4F(k)).

The NRCS associated with the non-Bragg
scattering is written as:

qwbwb )()( 0 θσθσ = (10)

 where )(0 θσ wb  is the NRCS of the surface areas
with enhanced roughness generated by breaking
waves and was defined in Part 1 as

22224
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(11)

2
wbs  is the mean square slope of the breaker

surface (assumed isotropic and wind
independent), wbε  is a constant proportional to
the ratio of breaker thickness to its length,  and q
is the fraction of the sea surface covered by
breaking zones. Quantity q is parameterized via
the length of the breaking fronts Λ(k) of the wind
waves with wavenumber vectors k  in the range
from k to k+dk as:

∫ <

− Λ=
nbkk

q dkCq kk)(1  (12)

It is important to recall that in the equilibrium
gravity range of the spectrum, Λ(k) is a function
of the saturation spectrum )(kB  parameterized
according to Eq.(57) in Part 1. As explained in
Part 1, Cq is a constant of the order of 10, knb=0.1kr

( rk  is radar wavenumber) is the upper limit of the
range of breaking waves providing non-Bragg
scattering, and constants 2

wbs  and wbε  in (11) are
2
wbs =0.19, wbε =0.05. In the equilibrium gravity

range of the spectrum, Λ(k) is a function of the
saturation spectrum (Eq. 57 of Part1).

For the NRCS of the Bragg part (Eq.6), we
neglect here the cross-correlation between tilt and
hydrodynamic modulations. As discussed in Part
1 this term does not significantly contribute to the
NRCS. In the pure tilt effect, we further neglect
here the angular dependence of the mean square
slope of tilting waves. In the non-Bragg scattering
component we also omit the term responsible for
the anisotropy in azimuth. Throughout  the paper
we will need estimates of the contribution of wave
breaking (non-Bragg scattering) to the total

NRCS: )(/)()( 0 θσθσθ p
wb

pP = .

This quantity is shown in Figure 1 as a function of
incidence angle for C-band (radar wavelength
about 5 cm), VV and HH polarization, and for
wind speeds of 5m s-1 and 15m s-1. At VV
polarization the contribution of the non-Bragg
scattering is small - less than 20% (except for
small incidence angles and high wind conditions,

where vvP  reaches 40%). At HH polarization the
impact of wave-breaking on the NRCS is stronger,
but remains less than 50% in the intermediate
range of incidence angles (40°≤ θ ≤ 60°). In
contrast, at larger incidence angles (θ ≥ 60°) and
HH polarization breaking of waves dominate the
radar return .  Similar results are obtained at other
radar wavelengths. As discussed in Part I, this
higher sensitivity of HH radar cross-section to
wave breaking with respect to the VV polarization
case, is responsible for the significant deviation of
the polarization ratio from the Bragg scattering
prediction.

Figure 1: Ratio of non-Bragg scattering to the

total NRCS ( p
wb

pP 0/σσ= ) as a function of the
incidence angle for a wind speed of 5 m/s (dashed
lines) and 15m/s (solid lines). C-band, VV
polarization (left plot), HH polarization (right
plot).



To apply the proposed model, we need to define
the range of wavenumbers involved in the
different processes (the model is a three-scale
model). We assume that the wavenumber K of the
LW modulating the NRCS, is significantly
smaller than both the wavenumbers kt defining the
upper limit of tilting waves and the wavenumber
knb which defines the upper limit of the range of
breaking waves ( i.e. K<< kt, knb). We also assume
that the lower limit kmod of the range of short
waves, which experience modulations correlated
with LW, is much larger than the LW
wavenumber K (kmod =10K). The smallest scale

11 −− = brkk  is responsible for the resonant Bragg

scattering. Waves of the intermediate scales from
1

mod
−k  to 11 −− ≈ nbt kk  are responsible for the tilting

of the Bragg waves and for the non-Bragg
scattering.

The standard procedure of linear decomposition of
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Mσ
p  gives the following expression for the small

disturbances of the NRCS caused by modulating

LW, which in terms of the radar MTF pMσ  reads:

p
h

p
t

p MMM +=σ (13)

The first term p
tM  describes LW-induced

variations in the NRCS due to changes of the local
incidence angle (under the invariable wave
properties providing the radar return). According
to the accepted terminology, this term is attributed
to the tilt part of the radar MTF. The second term

p
hM  describes LW-induced variations of the

NRCS caused by modulations of the surface
waves of the intermediate scales providing both
Bragg and non-Bragg scattering (under constant
incidence angle). This part of the radar MTF is
attributed to the so-called hydrodynamic MTF.
This representation of the radar MTF (for the real
aperture radar) as sum of tilt and hydrodynamic
MTF is the result of the linear decomposition of
the NRCS on small variations caused by LW. The
physical meaning of each of the radar MTF

components is clear: p
tM  is due to the impact of

varying local incidence, whereas Mh
p  is related to

the varying surface scattering features
(independently on what concrete scattering
mechanism occurs in reality). Below, within the
frame of the proposed semi-empirical NRCS
model of Part1, we derive equations for the tilt
and hydrodynamic parts of the radar MTF, and

then compare the model predictions with
measurements.

2.2 Tilt MTF

If ϕ is the antenna direction, and LW are supposed
to propagate along the x1-axis, then the tilt MTF is
defined as:
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Using equation (5) for the total NRCS  with Bragg
and non-Bragg components from Eq. (6) and (10)
respectively, the tilt MTF is thus:
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where Pp is the ratio of non-Bragg scattering to

the total NRCS, p
tbM  is the tilt MTF for the pure

Bragg scattering, p
tM 2  is the contribution of the

intermediate scale tilting waves, twbM  is the tilt
MTF for the non-Bragg scattering. These
components are:
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rs is the ratio of the mean square slope contained
in the range of intermediate scales (kmod < k<kt) to

the mss 2ζ∇  relative to the full range of tilting

waves k<kt, and rq is the ratio of the fraction of the
sea surface covered by enhanced roughness
generated by breaking of waves of intermediate
scales to the total q defined by Eq.(12). Note that
the tilt MTF (as well as each of its components) is
a pure imaginary number, whose phase is 2/π+
or  2/π−  depending on antenna direction.

In Figure 2, the tilt MTF amplitude relative to the
pure Bragg scattering model (Eq.16, dotted lines),
composite Bragg scattering model (sum of Eqs.16
and 17, dashed line) and total NRCS model
(Eq.15, solid lines) are shown as a function of



incidence angle (conditions are: wind speed 10
m/s, C-band, upwind looking direction). Due to
the small contribution of wave breaking to the
NRCS at VV-polarization (see Figure 1), vv

tM  is
mainly defined by the pure Bragg scattering
mechanism. Accounting for the tilting waves and
non-Bragg scattering influences only slightly the
tilt MTF at VV polarization. In contrast at HH
polarization, the impact of tilting waves causes a
significant deviation of the Bragg scattering tilt
MTF from the pure Bragg tilt MTF. In addition,
the influence of the non-Bragg scattering on the
tilt MTF is very strong. The total tilt MTF hh

tM  is

more or less close to hh
tbM  at moderate incidence

angles (30 to 45°). At larger incidence it
significantly deviates from the Bragg MTF, and
rapidly drops. Such a behavior is first explained
by the fact that at large incidence angle) wave
breaking dominates the NRCS (see Figure 1). In
these conditions, the total tilt MTF is governed by

twbM  given by Eq.(18) , with Eq. (11) to express
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σ0wb . Because at large incidence angle, 
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σ0wb  is
dominated by the second term of Eq.(11) which is

a constant, twbM  and hence the total tilt MTF

tends to zero at large θ .

Figure 2: Tilt part of the radar MTF versus
incident angle according to the pure Bragg model
(dotted lines), the composite Bragg model (dashed
lines), and  the total scattering model (solid lines).
Left panel is for VV polarization, and right panel
is for HH polarization. Conditions: wind speed
10m/s, C-band, upwind  radar look-direction.

It is important to note that, according to Eqs. (15-
18) the tilt MTF is wind dependent. This is mainly
due to the  wind-speed dependence of the ratio

pP of non-Bragg scattering to the total NRCS
(see Figure 1 for C-band). Indeed, the tilt MTF for
pure Bragg and non-Bragg scattering (Eq. (16)
and (18)) do not depend on wind speed, and the
dependence with wind speed of the tilting waves

of the intermediate scale (in Eq.(17) is relatively
small.

2.3 Hydrodynamic part of MTF

According to the developed scattering model and
to the linear decomposition of the surface NRCS,

the hydrodynamic part of the radar MTF hM  is
represented as a sum of three contributions
related to the modulation of  Bragg scattering
waves, to the variation of the mean square slope
of the tilting waves,  and to wave breaking
modulation.

The Bragg part of hydrodynamic MTF is deduced
from Eq.(6):
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where )/(ˆ 000 KAM brbrh σσ=  is associated with the
modulation of Bragg scattering waves, and Mhs

with the mean square slope modulation of the
tilting waves of the  intermediate scales. Mh0 and
Mhs can both be expressed in terms of the wave
directional spectrum MTF:

))(/()(ˆ KABBM kk= . The pure Bragg
contribution Mh0 is defined via the folded spectrum
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Mhs follows from Eq.(9):
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k−2B(k)M(k)dk
kmod

k t∫ (21)

The modulation associated with the breaking
waves at intermediate scales (kmod <k< kwb )
follows Eq.(10) and (12) and can be written in
terms of wave spectrum MTF as:

  

€ 

Mhwb = (ng +1)
k−1Λ(k)M(k)dk

kmod

kwb∫
k−1Λ(k)dk

k<kwb
∫

(22)



where ng  is related to the wind exponent m  of the
wave curvature spectrum k)(B  in the gravity

range ( gnm /2= ; see Part 1). To obtain Eq.(22)

we have used the parameterization introduced in
Part 1 for )(kΛ  :

 ( ) 11 /)(2/1)( +−=Λ gnBk αkk  (α  is a
constant).

Eq.(22) says that since wave breaking quantities
are dependent on the spectral level, its modulation
by LW results in wave breaking modulation. As it
was shown in Part 1, the main contribution to
wave breaking comes from the shortest breaking
waves. Hence, LWs (whose wavelengths are
much longer than wavelengths of breaking waves)
should effectively modulate the NRCS via wave
breaking. Note that in Eq.(10), if we had kept the
term describing the azimuth behavior of σwb, as
done in Part 1, an additional contribution should
have been taken into account. But this term is
(ng+1)-times smaller than the leading one. With
ng=5, as stated in Part 1, it is clear that this
contribution can be omitted. Note also that with
this value of ng=5, the magnitude of Mhwb is 6-
times larger than the magnitude of the spectrum
modulations.

Finally, the hydrodynamic MTF contribution
becomes:

€ 

Mh(kr ,ϕ ) = (1− P p)Mhb( kbr ,ϕ )+ P pMhwb (kr ,ϕ ) (23)

where Pp as before is the ratio of the non-Bragg
scattering mechanism contribution to the total
NRCS.  Because Pp is larger for HH- than for VV-
polarization (see Fig.1 ), the hydrodynamic MTF
Mh for HH polarization is strongly enhanced by
the non-Bragg contribution compared to the VV
polarization case. Furthermore, because Mhwb is
large, even a small value of Pp can explain a large
value of Mh compared to it’s Bragg component
Mhb.

To give a preliminary estimate of the role of non-
Bragg scattering in the hydrodynamic MTF, let us
consider the case of  C-band radar with an
incidence angle θ=30° and a wind speed of 10
m/s. Under these conditions, the background
NRCS model for VV polarization predicts

0.25/P vv
0

vv == σσwb  (see Fig.1), and the tilting

waves parameter 2ζ∇vvg  is about 0.5. At HH

polarization, 0.40/P hh
0

hh == σσ wb  (see Fig.1) and

0.12≈∇ζhhg . If we assume that M=9/2 at all k

(value 9/2 is the k-exponent of the wave action
spectrum 2/9ln/ln ≈∂∂ kN  defining the
spectral MTF due to the straining; see Eq.(.28)
and (30), and discussion in section 3.2 after
Eq.(45)), the estimates for the hydrodynamic part
of the radar MTF for the Bragg scattering model
are Mhb=6 at VV polarization, and Mhb=6.7 at HH
polarization. When the non-Bragg scattering
mechanism is taken into account, the total
hydrodynamic part of the radar MTF gives
Mh=11.2 at VV, and Mh=14.8 at HH. Two
important conclusions can be given from these
estimates. The first one is that non-Bragg
scattering may increase the hydrodynamic part of
the radar MTF by a factor of 2 in comparison with
the ''standard'' Bragg scattering predictions. The
second one is that this impact of non-Bragg
scattering is larger for HH polarization. To
explain the large magnitudes of the observed
hydrodynamic part of the radar MTF in HH
(compared to Bragg predictions), other authors
(e.g. Schroeder et al,1986, Hara and Plant, 1994,
Romeiser et al, 1994) invoked a very strong
surface wind stress modulation mechanism (with a
normalized amplitude exceeding by a factor of 10
the LW steepness). However, the exact
mechanism responsible for such strong wind
stress was not described. So, we believe that
invoking non-Bragg scattering as done here is
more adequate.

3. Modulations in the SW spectrum

3.1. Governing equations
To complete the problem we need to describe the
modulation of the short wind wave (SW)
spectrum by the LW. To consistently describe
both the background NRCS of the sea surface and
its modulation by a LW, the modulations of SW
are based on the same energy balance as used in
Part 1 for the wind wave spectrum. When the
wavenumber k of the modulated SW is much
larger than K (hence the SW group velocity is
much less than the LW phase velocity), variations

in the SW action spectrum N
~

 are small (i.e.

1/
~

0 <<NN ), and the wave action balance equation
reduces to (e.g. Keller and Wright, 1975, Alpers
and Hasselmann,1978):
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where N is the wave action ( k)k ()( 1FkN −= ω ,

with ω the angular frequency of the waves), Q
~

 is
a small perturbation of the energy source Q.  In
the equilibrium range of the spectrum from very
short capillaries to gravity waves  this source has
the form (see also Part1):
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where ))(exp()/4( 22
0 wk ϕϕωνββ ν −−−=

is the effective growth rate (ν is the water

viscosity), 
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β0 = Cβ (u* /c)2  is the wind growth
rate in the wind direction (so that

))(exp( 2
0 wϕϕββ −−=  is the directional wind

wave growth rate), *u  is the air friction velocity,
ϕw is the direction of wind velocity, ϕ is the
direction of the wavenumber vector k, and ω is
the wave frequency. In Eq. (25) the first term is
the effective wind energy input, the second term
describes the non-linear energy losses which are
provided (depending on spectral interval) either
by wave breaking or resonant 3-wave interactions,
and the third term )(kpcI  describes the

generation of parasitic capillaries by short
breaking gravity waves
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This energy source is effective in the capillary
range (this is accounted for in the filter function

)/( kkγφ ) and the generation of parasitic
capillaries results in energy dissipation D(kg) of

gravity waves. In Eq.(26) )()(ˆ 53
gg kk DkD gg

−= ω
is the dimensionless dissipation of short gravity
waves (with wavenumber kg, and frequency

)( gg kωω = ) generating parasitic capillaries

(with wavenumber k); wavenumbers k and kg are

linked by 2γkkkg=  (where kγ=(g/γ)1/2 is the
wavenumber of the minimum phase velocity, γ is
the surface tension, g is the acceleration of

gravity). Expression for the small disturbances of
the energy source can be found from Eq. (25):
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˜ Q /ω = ωN ( ˜ β −(nβν +(n +1)β pc ) ˜ B (k) / B (k)+

βpc n(kg)+1) ˜ B (kg ) / B (kg))
(27)

where β~  is a variation in the directional wind

wave growth rate, )(/)( kk BIpcpc =β  is a

parameter of the growth rate of parasitic

capillaries, and N  or B stands for the average of
these variables over the LW.

Equations (24) and (27) can be easily solved. In
terms of the MTF this solution is:

  

€ 

M(k) = − 1 − iτ
1+ τ 2
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1+ τ 2
2τ*M* + τ pc (n(kg )+1)M(kg )[ ]

(28)
where τ=(TΩ)-1 is the dimensionless relaxation
parameter of the spectrum, T  the relaxation time
defined as:

))1((1
pcnnT ββω ν ++=− (29)

τ*=(ωβ/Ω) and τpc=(ωβpc/Ω) are the dimensionless
wind growth rate, and dimensionless growth rate
of parasitic capillaries, respectively, M* is the
MTF for the surface friction velocity. Equation
(28) describes the modulation of the wave
spectrum B, resulting from the interaction of SW
with LW orbital velocity (first term), from the
wind surface stress (the second term), and from
short gravity waves emitting parasitic capillaries
(the third term, M(kg) is the MTF of these gravity
waves). The first term of Eq.(28) is the straining
factor and can be rewritten as:

€ 

k1

N(k,ϕ )
∂N(k,ϕ )

∂k1

= cos2 ϕ ∂ln N
∂ ln k

− sinϕ cosϕ ∂ln N
∂ϕ

(30)

Eq.(28) predicts an asymptotic regime of SW
modulations. If the relaxation time for a given
spectral component is much larger than the period
of LW (i.e. τ <<1), then SWs interact with LW
adiabatically (only the first term remains in
Eq.(28)) and experience a simple straining with
the increase of modulation on the LW crests. If



LW runs in the crosswind direction, then SW
modulations vanish. At high wind conditions (or
for very short SW at moderate wind) the
relaxation time may be much less than the period
of LW (i.e. τ >>1). Then SW modulations due to
straining (first term in r.h.s of Eq.(28)) is
negligible, and modulation of the wind surface
stress is the only source of SW modulations. In
this case SW modulations are completely defined
by the magnitude of the local surface stress
variations, which result from dynamics of the
airflow over the LW. As it follows from Eq. (28),
spectral MTF in this case is *)/2()( MnM ≈k ,

where n/2  is the wind exponent of the spectra.
Well inside the capillary range, the mechanism of
generation of parasitic capillaries dominates.
Indeed, in this range the condition τ >>1 is
fulfilled at any LW-wind conditions . Moreover;
at low and moderate winds, viscous dissipation
dominates the energy losses, the ratio τpc/τ is close
to 1 so that the magnitude of the spectral MTF in
the capillary range is )1)(( +gkn  greater than the

MTF for the short gravity waves.

3.2. LW-induced surface stress modulations

LW-induced variation of the wind surface stress
can play an important role in the modulations of
SWs. To describe the friction velocity MTF *M
in Eq.(28) we use the model of the turbulent
airflow over LW developed by Kudryavtsev et al
(2001a) with some simplifications.  In this model
the turbulent air flow is divided in two parts: the
outer region (OR) at  z>l (z  is a distance from the
wavy surface) and the inner region (IR) at z<l
(after Belcher and Hunt, (1993)). The scale of the
inner region l is defined as:

ClUuKl −= )(/2 1*κ (31)

where κ is the von Karman constant, C the LW

phase velocity, and )(1 lU  is the mean wind

velocity along 1x -axis  at z=l. In the OR,
dynamics of the airflow undulations is closed to
the inviscid one, and the wind velocity profile
resulting from the solution of the vorticity
equation is (see Eq. (34) in Kudryavtsev et al.,
2001a)

€ 

ˆ U 1(z ) /(KA)= (U 1(z )−C )exp(−Kz)+

2(u* / κ) cosϕ exp(−Kz' )d ln z'
z

∞∫
(32)

where )(ˆ
1 zU is the amplitude of the LW-induced

wind velocity variations, and )(1 zU the mean

value of 1U  over a LW. In the OR the wave-
induced wind velocity variations along the LW
crest (in the direction of 2x -axis) vanish: i.e.

0ˆ
2 =U .

Inside the IR the turbulent stress is  in local
balance with the wind velocity gradient:.
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u*
2 = κ2z2 ∂U1 / ∂ / z( )2 + ∂U2 / ∂/ z( )2 

   
  (33)

where wind velocity components iU  are the sum

of the mean iU  and of the LW-induced variation

iU~ . To estimate the friction velocity MTF, we use
(unlike Kudryavtsev et al, 2001a) a schematic
simplified description of the IR dynamics. We
approximate the horizontal wind velocity
variation inside the IR (z0≤ z≤  l)  by  a
logarithmic  profile. We also assume that the
surface aerodynamic roughness along the LW
surface can vary. Thus, in terms of harmonic
amplitudes the LW-induced variation of wind
velocity inside the IR is:   
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ˆ U 1( z) = ˆ u 0 −(u * /κ )cosϕ( ˆ z 0 / z 0)[ ]
+ cu ln(z / z 0 )

(34)

where 0û =(KA)C is the amplitude of the LW
orbital velocity, cu is a constant defined so as to
patch the wind velocity profiles inside the OR
(given by Eq. (32)) and the IR (given by Eq.(34))
at z=l.

)/ln(/))/ˆ(cos)/(ˆ( 000*1 zlzzuUcu ϕκ+∆=
(35)

where 011 ˆ)(ˆˆ ulUU −=∆  is the wind velocity
drop over the IR.

Thus, by the combined effects of the variation
along the LW of the wind profile and of the
roughness length, one obtains the following



expression for the MTF M* of the wave spectrum,
due to friction velocity variations:
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M* ≡ ˆ u * /(u * KA)

= cos2 ϕ M∆U + ln−1(l / z 0)Mz0[ ] (36)

where  )/(ˆ
11 UKAUM U ∆=∆  is the

normalized amplitude of the LW-induced
horizontal velocity drop over the IR:

€ 

M∆U =1− 2C /U1 ( l)

+ 2 ln−1( l / z 0 ) exp(−Kz' )
Kl

∞∫ d ln Kz'
(37)

Equation (36) takes into account variations along
the LW of the aerodynamic roughness z0 (second
term) as well as variations of the wind profile
(first term).

Taking into account the modulations of 0z  as just
proposed, means that we are now dealing with the
wind over waves coupling. Indeed, variations of
the aerodynamic roughness length 0z  results from
the modulations of the SW. Form drag of the sea
surface is supported by momentum flux to the
"regular" surface waves, and by momentum flux
due to the air flow separation from breaking
waves (Kudryavtsev and Makin, 2002). At
moderate and strong wind, the drag of the sea
surface is almost provided by the form drag. Thus,
SW modulations influence the sea surface
aerodynamic roughness, which according to
Eq.(36) affects the surface stress variations,
which in turn stimulate SW modulations (second
term in (Eq.28). This constitutes the so called feed
back mechanism existing in the coupled system
"SW-turbulent airflow" over LW. This problem
has been recently analyzed in detail by
Kudryavtsev and Makin (2002). Including the
complete theory is out of the scope of the present
application to the radar MTF problem.  So, we
propose an alternative, which is based  on the
same physical basis, but which uses a semi-
empirical approach to  describe the coupling.

In terms of the sea surface roughness scale form
drag can be expressed as

  
z0 = aννa / u* + Φ(B)dk∫ (38)

where the first term is associated to viscous drag
and the second term is associated to the impact of
momentum flux to waves and to the air flow
separation on the sea surface drag. We express the
second term as an unknown functional of the
wave spectrum k)(B . Then, variation of the

roughness scale 0z  due to the SW spectrum
modulation reads (in terms of MTF):

∫∫ Φ≡Φ≈ −− kk dBMzMdBzM BBz '' 1
0

1
00

(39)

where BB ∂Φ∂=Φ /' , and M  is the average
MTF over the wave numbers k of the wave

spectrum B weighted over the function '
BBΦ . To

derive 0zM  according to (39) we omitted the

variation in *u  (associated with the first term of

Eq. (38)) caused by SW modulations via 0z ); the

contribution of this term to 
ozM  is )/ln( 0zl -

times less than the impact of the second term in
(38). To eliminate the unknown functional

∫ Φ kdB
' , we introduce  the wind exponent mz0  of

the roughness scale z0:

)/)(/( *00*0 uzzum z ∂∂= (40)

which can be determined from Eq.(38) as:
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mz0z0 = −aνν a / u* + u*
∂Φ
∂u*

dk∫
= −aνν a / u* + mB ΦB

' dk∫
(41)

where the term m= *ln/ln uB ∂∂  is the wind
exponent of the wave spectrum. Then the
unknown functional is:

m

uazm
dB az

B
*0 /

' 0
νν+

=Φ∫ k (42)

where <m> is the average of m over the

wavenumbers k, weighted by function '
BBΦ Thus,

from Eq.(39) and (42),we  obtain the MTF of z0

as:
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The advantage of this equation for the roughness
scale MTF (in comparison with (39)) is that the
problem now is reduced to the determination of an
explicit relation for 0z  and its wind exponent.
Kudryavtsev and Makin (2002) showed that wind
over wave coupling theory gives the aerodynamic
roughness scale which at moderate and high
winds is close to Charnock relation and at low
winds is close to aerodynamically smooth surface.
The latter fact is accounted for in (38). Hence to
assess 0z  and 

0zm  in (43) we can simply use a

semi-empirical relation for the roughness scale.
As in Part 1, we specify  0z  as:

guauaz a // 2
***0 += νν  where parameter νa

is a constant ( aν = 0.1) and a* is the Charnock
parameter (a*=0.018). Then Eq. (43) reads:
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To prescribe the mean spectral wind exponent
<m> in Eq. (44), we recall that the roughness
scale  is defined by  two components of the form
drag,- momentum flux to the waves and the air
flow separation. The former is supported by SW
in a wide wavenumber range from capillary-
gravity to gravity waves down to the energy
containing waves. One may anticipate that
weighted wind exponent of these waves is close to
that typical for the mean square slope of the sea
surface, which depends linearly on wind speed.
Breaking waves supporting the air flow separation
are waves from equilibrium gravity interval where
wind exponent is gn/2 . Then fixing m  as the

mean value of the exponent relative to the two

regimes, we have: )2/()2( gg nnm +≈ . To

estimate M  we suggest that the main
contribution to the form drag modulations by LW
comes from the SW which experience adiabatic
modulations by LW (straining mechanism
dominates SW modulations, and enhancement of
SW occur on the LW crests). This suggestion is a
reliable one for the wave breaking (see Fig. 4
below), and is very plausible for SWs supporting

wave momentum flux. Then M  is estimated

from Eq.(28) and (30) as 
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M ≈ ∂ lnN /∂ ln k .
From the definition of N (N=F ω/k) and the fact
that the curvature spectrum B is constant in the
gravity and capillary-gravity range (see Part 1),

this gives 
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M ≈ 9 /2 . Finally, the roughness
scale MTF  Mz0  reads:
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With the value of ng discussed in Part 1 (ng=5),
this equation predicts a roughness scale MTF

€ 

Mz0 ≅13 at moderate and high winds. As a
consequence of the assumption that SW
supporting form drag are modulated adiabatically
, enhancement of 0z  occurs on the LW crest.
These results are very close to the calculations
resulting from the full coupled model of SWs and
the airflow over LW developed by Kudryavtsev
and Makin (2002), (see their Fig. 5 and 6).
According to Eq. (45), at low wind, roughness
scale modulations vanish. This is simple but
remarkable physical property of Eq.(45)
indicating that the weaker is the form drag, the
weaker is the impact of aerodynamic roughness
on the LW-induced stress modulations.

3.3 Model results for the modulation of the wave
spectrum and of the wave breaking

Figure 3 shows for different conditions, the
amplitude and phase of  the SW spectrum
modulation M, calculated from Eq. (28) where all
the terms have now been described. 3 cases of
wave development are considered under a 10 m s-1

wind speed:an "old sea" case with a LW of
inverse wave ageU10/C=0.5 (upper panels), a
fully-developed wind-sea U10/C=1 (middle panels)
and a young wind-sea U10/C=3 (lower panels).
Dashed lines show the model calculations when
surface stress variations and generation of
parasitic capillaries are not accounted for , while
the solid lines are for the full model. In all cases
the longest modulated SWs (k<100 rad/m) show a
behavior typical of adiabatic modulations (the
relaxation parameter τ is small), with 2/9≈M
and enhancement of the SW energy is located on
the crest of LW. In this range, there is no impact
of stress modulation whatever is the wave age.
For SWs with a large relaxation parameter τ  but
outside the capillary range, (

€ 

100 < k < 740  rad/m
), variations of the wind surface stress
significantly affects the modulation in the case of
swell (U10/C=0.5) and young sea-state (U10/C=3).
In the former case the surface stress is increased
in the vicinity of LW trough so that the phase of



the capillary-gravity waves (whose modulations
are dominated by the surface wind stress) is
shifted toward the LW trough. In the latter case
the surface stress is increased on the LW crest,
thus capillary-gravity  waves are enhanced on the
LW crest. For the case U10/C=1.0, the effect of
wind stress modulation is weak in the range
(

€ 

100 < k < 740  rad/m). Finally, another
noticeable result of the model calculations is the
large modulations in the capillary range
(k>2kγ=740 rad/m). As it was discussed above, the
amplitude of the MTF of capillary waves is
amplified by a factor (ng(kγ)+1) with respect to the
amplitude of the MTF of the carrying short
gravity waves. This is so called mechanism of a
cascade modulation of the parasitic capillaries.

Figure 3: Amplitude (left) and phase (right) of the
modulations of the SW spectrum by  LW of inverse
wave age U10/C=0.5 (upper panels), U10/C=1.0
(middle panels), and U10/C=3.0 (lower panels) at
wind speed U10=10 m/s. Dashed lines show the
model results when wind velocity variations and
generation of parasitic capillaries are not taken
into account, whereas solid lines are for the full
model.

From the model estimates for the modulation of
wave spectrum (M) the wave breaking MTF
(Mhwb, Eq.(22)) can also be calculated.. Results for
various winds and LW wavenumbers are shown in
Figure 4 (dotted lines for K=0.025 rad/m, solid
lines for K=0.1 rad/m, dashed-dotted lines for
K=0.4 rad/m). Calculations were performed
according to Eq. (22) where the upper limit of
integration kwb was fixed to 2π/0.3 rad/m.
Experimental estimates of MTF for the white cap

coverage obtained by Dulov et al. (2002) are
shown in Fig.4 as open circles with error bars.
They correspond to a modulating LW
wavenumber in the range 0.08 rad/m to 0.25
rad/m. In spite of a large scatter (error bars
correspond to 95% confidence level), the
measurements exhibit very strong wavebreaking
modulations (averaged MTF amplitude is 22) with
enhancement on the crests of modulating LWs.
Model calculations also predict enhancement of
wave breaking in the vicinity of LW crest with
large amplitudes for the MTF. Although the
model predictions slightly underestimate the
observations, the important conclusion is that
modulations of wave breaking can be strong
enough to significantly affect the radar MTF.

Figure 4: Amplitude and phase of the wave
breaking MTF versus wind speed.  Open circles
and error bars are data from Dulov et al, 2002.
Model calculations are shown by dotted lines (LW
wavenumber 0.025 rad/m), solid lines (LW
wavenumber 0.1  rad/m), and dashed lines (LW
wavenumber 0.4 rad/m).

4. Model results for the hydrodynamic
components  of the radar MTF

As described above, the hydrodynamic part of the
radar MTF is defined by Eq.(23) where the Bragg
scattering contribution (first term, Mhb) results
from Eqs.(19-21), and the non-Bragg scattering
contribution Mhwb results from Eq.(22). The SW
spectrum modulation is defined by Eq.(28). The
amplitude and phase of the different modulating
processes contributing to these terms are
presented in Figure 5 as a function of wind speed:
straining of Bragg waves (open circles), effect of
the wind surface stress (open triangles),
modulation of tilting waves (crosses) and wave
breaking (stars). For Figure 5, we consider
conditions of Bragg waves corresponding to a C-
band radar looking at an incidence angle of 45°,
and a modulating LW with frequency of 0.15 Hz.



The first remarkable result which appears in
Figure 5 is that at all wind speeds, the amplitude
of the wave breaking component of the
hydrodynamic MTF (lines marked by stars) is
larger than the amplitudes associated with the
other processes. This component provides a
maximum of radar modulation occurring near the
LW crests (see the right-hand panel in Figure 5).

Figure 5: Hydrodynamic components of the radar
MTF at C-band, incidence angle 45°. The left
panel is for the amplitude of the MTF, the right
panel is for the phase of the MTF. Open circles
correspond to the term due to Bragg waves when
accounting for the straining effect only, open
triangles correspond to the term due to wind
surface stress modulations, stars  correspond to
the term due to wave breaking, crosses
correspond to the term due to the mean square
slope of tilting waves.

As it was mentioned above, although the
contribution of breaking waves to the total NRCS
is not dominant (at least at VV polarization, and in
the range 40°≤ θ ≤  60° at HH polarization, see
Fig.1), the strong modulations of breaking can
significantly contribute to the hydrodynamic part
of the radar MTF. Effect of the straining of Bragg
waves (lines marked by open circles) is large at
low wind speeds only (U < 6-7 m/s). Amplitude of
wind stress modulations (lines marked by
triangles) is quite large at small wind speed (U <
6-7 m/s), shows a minimum value for intermediate
wind values (6-7 to 11 m/s) and then increases
slightly again at large wind . Maximum of wind
stress variations occur in the LW troughs
(respectively on the LW crests) for wind speed
smaller (respectively larger) than 10 m/s. Wind
stress can significantly affect Bragg waves
resulting in a similar behavior of the Bragg waves
along the LW. This result partly confirms the
explanation proposed by e.g. Romeiser et al,
1994, Hara and Plant, 1994, Schmidt et al, 1995,
who suggested that strong amplification of the
wind-stress over LW crests is the source of Bragg
waves modulations. However our results indicate

that amplification of wind stress over LW crest
can occur only at winds exceeding 10 m/s.
Modulation of the mean square slope of the
intermediate scale tilting waves (lines marked by
crosses) is small (amplitude is about 2). The slope
of these tilting waves increases on the LW crests,
but the small amplitude of their modulation does
not significantly affect the hydrodynamic MTF.

Results discussed here are qualitatively similar for
other radar wavelength conditions (from Ka-Band
to C-Band) and other LW frequencies. In contrast,
results at L-Band are significantly different as
explained in section 5.4 below.

5. Comparison with radar observations

In this section, we compare the model predictions
of the hydrodynamic MTF with radar observations
in a wide range of radar frequencies from L- to
Ka-band. Except for the RESSAC C-Band data,
the hydrodynamic MTF has been estimated as a
residual part between the total radar MTF and the
tilt MTF corresponding to the pure Bragg
scattering model. For the RESSAC data, the tilt
contribution is estimated by Eq.(14). As discussed
above, the ''real'' tilt MTF differs from the pure
Bragg tilt one. However, at moderate incidence
angle, this difference is not so significant and we
can identify our model hydrodynamic MTF with
the definition used in the experimental studies.

Figures 6 to 10 show the model-derived and
observed amplitudes and phases of the
hydrodynamic MTF as a function of wind speed
for Ka-, X-, C-, and L-band at VV and HH
polarizations and for an incidence angle 45°. For
each simulation, wave and wind conditions  have
been chosen in accordance with the observations.
To emphasize the role of various scattering
mechanisms, we show the MTF for pure Bragg
model (dashed lines), composite Bragg scattering
model (dotted lines), and for the total model
accounting for the non-Bragg scattering (solid
lines).

5.1 Comparison at Ka-Band

Figure 6 shows the comparison with results
obtained at Ka-Band by Grodsky et al, 1999 (star
symbols) and by Kudryavtsev et al, 2001b (open
circles). Conditions of observations are: for
Grodsky et al (1999): radar wavelength 1.2 cm,
incidence angle 450 , range of modulating LW



frequencies 0.15÷0.4 Hz; for Kudryavtsev et al
(2001b), radar wavelength 0.8 cm, incidence

angle 450 ,  range of modulating LW frequencies
0.15÷0.35 Hz.  For both data sets, bars indicate
standard deviations of the estimates from their
mean value. The first remarkable features is that
the experimental amplitude of  the hydrodynamic
MTF increases rapidly for decreasing wind
speeds, and the second feature is that |Mh| at HH
polarization exceeds |Mh| at VV-polarization.
Also, according to the experimental results,
enhancement of the backscattering occurs in the
vicinity of the LW crests. These features are well
known and have been previously mentioned in
studies on the MTF problem (e.g. Hara and Plant,
1994).

Figure 6: Amplitude (top panels) and phase
(bottom panels) of the hydrodynamic part of the
radar MTF versus wind speed, for K-band at
incidence angle 45°. Left side panels are for VV
polarization, right-side panels are for and HH
polarization. Open circles with bars are
measurements by Kudryavtsev et al. (2001b)
(radar wavelength 0.8 cm, LW frequencies of 0.15
to 0.35 Hz). Stars with bars are measurements by
Grodsky et al. (1999) (radar wavelength 1.2 cm,
LW frequencies of 0.2 to 0.4 Hz). Model
calculations of the hydrodynamic part of the
radar MTF are for a radar wavelength of 1.0 cm
and for a LW frequency of 0.25 Hz. They are
shown by dashed lines (pure Bragg model), dotted
lines (composite Bragg model), and solid lines
(full model accounting wave breaking
modulation). Conditions: Upwind radar look
direction, LW aligned with the wind.

Model calculations (lines) were performed for the
radar wavelength of 1 cm and for a 0.25 Hz
frequency of modulating LW (which is a mean for

the range of observed LW frequencies). In this
case the Bragg scattering waves are in the range
of parasitic capillaries (the Bragg wavelength is
0.7 cm). Figure 6 also shows that the
hydrodynamic part of the radar MTF according to
pure Bragg and composite Bragg scattering
models are very close. It means that the
contribution associated with the intermediate scale
is small. At VV polarization, the model
calculations with the Bragg model reproduces
reasonably well the observations for both
amplitude and phase of the MTF. As it was
discussed above, a large modulation amplitude in
the capillary range occurs, due to the mechanism
of generation of parasitic capillaries. At HH
polarization the Bragg model underestimates the
observed MTF amplitude. Accounting for the
non-Bragg scattering mechanism (solid lines)
increases the amplitudes of the hydrodynamics
MTF, improving the agreement between model
and observations. At high winds, the ratio of non-

Bragg scattering wbσ to the total NRCS p
0σ  at

VV polarization is vv
wb 0/σσ =0.2 while at HH

polarization it is hh
wb 0/σσ =0.5. Hence the

increased role of the non-Bragg scattering on HH
polarization and the large amplitude of wave
breaking modulation result in (according to
Eq.(23)) the larger amplitudes of the
hydrodynamic MTF in comparison to VV
polarization. Since the main factors governing
hydrodynamic MTF (wave breaking, surface
stress, see Fig. 5) are enhanced on the LW crest,
the phase of the hydrodynamic MTF is close to
zero.

5.2 Comparison at X-Band

Figure 7 shows model and observed
hydrodynamic MTF relating to X-band.
Experimental data are taken from Hara and Plant
(1994) (open circles) and  Schmidt et al (1995)
(plus symbols). Similarly to the Ka-band case, the
amplitude of the observed hydrodynamic MTF
increases when wind speed decreases, (for wind
speed smaller than about 7-8 m/s)  and |Mh| at HH
polarization is higher than at VV. This is even
more apparent than at Ka-band. At moderate and
high winds, the amplitude of hydrodynamic MTF
for HH polarization is approximately twice higher
than that at VV polarization. This fact has been
often mentioned in radar MTF studies, but no
explanation was given so far.



Figure 7: Amplitude(top panels) and phase
(bottom panels) of the hydrodynamic part of the
radar MTF versus  wind speed, for X-band at
incidence angle 45°. Left side panels are for VV
polarization, right-side panels are for and HH
polarization. Open circles are data from Hara
and Plant (1994) (LW frequencies are 0.25÷0.31
Hz), plus symbols are measurements of Schmidt et
al. (1995) (LW frequency is 0.15 Hz). Model
calculations for a LW frequency of 0.2 Hz are
shown by dashed lines (pure Bragg model), dotted
lines (composite Bragg model), and solid lines
(full model accounting wave breaking
modulation). Conditions: Upwind radar look
direction, LW aligned with the wind.

As well as for Ka-band  model calculations of
|Mh| based on the Bragg scattering theory do not
demonstrate any difference between pure Bragg
and composite models. Modulation of Bragg
waves at low winds is caused by the simplest
straining mechanism (when kNM ln/ln ∂∂≈ ,
see Eq.(28)), and their large amplitudes

( 75 ÷≈hbM ) are explained by the sharp drop
of the spectrum toward higher wavenumbers (see
Fig.4 in Part 1). At higher winds (above 10 m/s)
Bragg waves modulations are suppressed by the
wind, and then the MTF amplitude increases with
wind speed due to the dominating action of the
wind surface stress (see Fig.5), but this increase is
weak. At VV polarization, the Bragg model in
overall agrees with the observation predicting
correctly the MTF amplitude and phase. The
model confirms the suggestion given by Hara and

Plant (1994) and Schmidt et al. (1995) that at high
winds the modulation of Bragg waves is governed
by the wind surface stress. However, model
predictions based on the Bragg theory apparently
contradict the observations obtained for HH-
polarization. For HH polarization the fraction of
the non-Bragg scattering in the total NRCS is

hh
wb 0/σσ =0.52 while for VV polarization it is

vv
wb 0/σσ =0.22. Model calculations of |Mh| are

then found to be in better agreement with the
measurements when the non-Bragg scattering are
accounted for.  They correctly predict the order of
magnitude of |Mh|, explain the observed
difference between hydrodynamic MTF extracted
from VV and HH data, and give a phase of the
MTF closer to the observations.

5.3 Comparison at C-Band

Model and observed estimates of the
hydrodynamic MTF at C-band are shown in
Figure 8. Data plotted in Figure 8 as plus symbols,
correspond to the data of Schmidt et al (1995).

Figure 8: Amplitude(top panels) and phase
(bottom panels) of the hydrodynamic part of the
radar MTF versus  wind speed, for C-Band at
incidence angle 45°. Left side panels are for VV
polarization, right-side panels are for and HH
polarization. Plus symbols are measurements by
Schmidt et al. (1995) (LW frequency is 0.15 Hz).
Model calculations for a LW frequency of 0.15 Hz
are shown by dashed lines (pure Bragg model),
dotted lines (composite Bragg model), and solid
lines (total model accounting wave breaking
modulation).  Conditions: Upwind radar look
direction, LW aligned with the wind.



As for the Ka and X-Band cases, observed
amplitudes of the hydrodynamic MTF at HH
polarization exceed the amplitudes obtained at VV
one. For both polarizations the MTF enhancement
of the sea surface scattering features occur on the
LW crests. Model calculations based on the Bragg
scattering theory significantly underestimate the

observed p
hM , and there is a discrepancy

between model and observed MTF phases, which
is the most apparent at HH polarization.
Accounting for the modulation of wave breaking
significantly affects the radar hydrodynamic
modulation with respect to the Bragg case, with
an increase of the amplitude (mainly in HH-
polarization) and a shift of its phase towards the
crest of modulating LW. Although the full model
underestimates the observed amplitudes of the
MTF at low and moderate winds, it is in better
agreement with the measurements than are the 2-
scale or pure Bragg models. Moreover, only the
full model gives a phase in HH polarization
consistent with the measurements.

A further comparison between model and
observations at C-Band is given in Figure 9, with
data from the airborne RESSAC radar collected
during the FETCH experiment. We recall that
RESSAC is an airborne FM/CW radar (Hauser et
al, 1992). It operates  at C-band (5.35 GHz) and
HH polarization. The range resolution is 1.56 m.
In its nominal mode, the radar beam sweeps the
sea surface over the range of incidence angles
7°<θ<21°, and scans over 360° in azimuth.
Directional spectra are derived by analyzing in
each azimuth direction, the modulations of radar
cross-section within the footprint (about 1500 m x
400 m). In this range of incidence (7°<θ<21°), it
can be assumed that the radar MTF is dominated
by the tilt term, so that the spectrum of
modulations (corrected for speckle noise) is
linearly related to the slope spectrum of the waves
(for wavelength longer than about 30 m). The tilt
MTF is derived by applying Eq.14 to the radar
observations, dropping the cosϕ term. During the
FETCH experiment, RESSAC was also operated
in a second mode to observe the surface in the
incidence range 27°<θ<41°: the antenna was fixed
on one side of the airplane while this latter was
performing circles with a roll of about 20°. By
combining these two different modes of operation,
Hauser and Caudal (1996) developed a method to
estimate the hydrodynamic MTF near 30°
incidence angle. The total MTF is estimated at
incidence 30° from the ratio of the radar

modulation spectrum to the directional wave slope
spectrum (derived from the first mode of
operation). By combining estimates of this total
MTF in opposite directions (at ϕ and ϕ+π), with
the tilt MTF estimated at 30°, it was shown than
the amplitude and phase of the hydrodynamic
modulation in each look direction can be
estimated. Results obtained from this method
applied to the FETCH data set are presented in
Fig.9, together with the model results.

Figure 9: Amplitude (left panel) and phase (right
panel) of the hydrodynamic part of the radar MTF
versus wind speed (C-band, HH-polarization,
incidence angle 30°). Open circles are results
obtained from the FETCH experiment; dashed
lines are Bragg scattering model predictions;
dashed-dotted lines are ''pure'' non-Bragg
scattering model predictions; solid lines are
model predictions according to the total MTF
model. Lines of the same style show model
calculations for LW with wavenumbers 0.08
rad/m, and 0.15 rad/m. This was the range of LW
wavenumbers observed for this data set of the
FETCH experiment.

Model calculations were performed with LWs of
wavenumbers 0.08 rad/m and 0.15 rad/m (solid
lines), corresponding to the mean conditions of
the RESSAC observations. Only data for which
in-situ wind measurements (from buoy or ship)
were available are displayed. These reasons
explain the low number of RESSAC data in Fig.9.
For the MTF amplitudes (left panel), the RESSAC
data (open circles) exhibit a set of points with
MTFs between 8 and 10, as well as two data
points with MTF of 15 and 2, respectively, both
corresponding to very unsteady situations (both
cases correspond to situations where a sudden
large increase of wind speed occurred less than 2
hours before observation; they also correspond to

the two data points with highest hh
cross

hh
up 00 /σσ and

hh
down

hh
up 00 /σσ  ratios in Figure 15 of Part 1). It

appears clearly that the pure Bragg model (dashed
lines) underestimates the amplitudes observed by
RESSAC. On the contrary, the pure non-Bragg



scattering model (dotted lines) gives much higher
values (between 15 and  20). The full MTF model
(solid lines) obtained by combining both
processes, predicts values in closer agreement
with the RESSAC data.

For the hydrodynamic MTF phases (right panel of
Figure 9), we notice again that the full model
(including non Bragg effects) predicts phase
angles between 0 and 20°, in agreement with
RESSAC observations, while the pure Bragg
model would predict a phase up to 60°.

5.4 Comparison at L-Band

Figure 10 shows the hydrodynamic MTF at L-
band. As in Fig.8, the data used in the comparison
are from Schmidt et al (1995). Compared to the
previous cases (higher radar frequencies) the
observed amplitude of |Mh| shows a weaker wind
speed dependence, and a magnitude, which is
approximately the same for both VV and HH
polarizations. Model calculations shown in this
figure are dominated by the straining mechanism.
Hara and Plant (1994) also concluded that at L-
band (MARSEN L-band data), the hydrodynamic
MTF is primary due to the straining by LW orbital
velocities except perhaps at very high winds. In
contrast to the previous cases, the role of
modulations of wave breaking is not significant.
Contribution of the non-Bragg scattering to the
total NRCS at L-band for a 20 m/s wind speed is

vv
wb 0/σσ =0.09 at VV and hh

wb 0/σσ =0.30 at HH
polarization. For lower winds these contributions
decrease. This explains why the Bragg MTF
model predictions are close to the total MTF one
(except at high winds for HH polarization). The
observed MTF amplitude systematically exceeds
the model predictions. This is the only case where
we do not get a satisfactory agreement between
model and observations. We emphasize here that
the observed amplitudes of the hydrodynamic part
of the radar MTF at L-band are 1.5 to 2 times
larger than the upper limit 2/9≈  for SW
modulation due to their straining by LW. Since
straining is the only possible mechanism (because
L-band Bragg waves are too "inertial"  to be
affected by the wind surface stress along the LW
profile) , it is hardly believable that the observed
L-band hydrodynamic radar MTF amplitudes
relate to any SW modulation mechanism. The
reason of such large observed amplitude is not
clear for us. A plausible explanation is given in
below in Sec.5.5.

Figure 10: Same as in Fig.7, but for L-band

5.5 Summary and discussion

To summarize the results of this section we
conclude that the hydrodynamic MTF based on
the Bragg scattering model alone, generally fails
to reproduce measurements. There is no
significant difference between pure Bragg and
composite Bragg scattering models. It means that
the impact of the modulation of the tilting waves
corresponding to the range of intermediate scale is
small and may be omitted. In contrast, the impact
of wave breaking modulation (supporting non-
Bragg scattering) on the hydrodynamic MTF is
significant. Due to the latter contribution, the
amplitude of the hydrodynamic MTF increases
and its phase shifts towards the LW crests. The
non-Bragg scattering modulation explains the
important experimental finding that the
hydrodynamic MTF at HH polarization exceeds
that at VV polarization. This feature has been
mentioned in the past, but no quantitative
explanation was given. The observed larger
amplitude of the hydrodynamic MTF for HH
polarization can only be attributed to the wave
breaking modulations.

To explain the large difference of the
hydrodynamic MTF between observations and
models based on the Bragg theory, Hara and Plant
(1994) and Schmidt et al (1995) suggested the
presence of a very strong surface stress
modulation by LW (with  MTF of the order of 10
) with its enhancement on the LW crest. However
up to now there is no convincing experimental



evidence that such stress variations may exist in
reality. In our model the surface stress
modulations are accounted for. They are provided
by the air flow undulations over LW and LW-
induced variations of the aerodynamic surface
roughness. Model calculations presented in Fig.5
show that at low winds, strong wind stress
modulations (with the MTF amplitude about 10 or
more) can occur, but the fact that the predicted
amplification of the stress is over the LW trough
is not suggesting this process as a plausible
mechanism explaining the observed radar MTF
features. On the contrary, at high winds (U> 10
m/s) amplification of the surface stress occurs on
the LW crest, and its relatively large MTF
amplitude (approaching 5) confirms that for such
conditions, the suggestions of Hara and Plant
(1994) and Schmidt et al.(1995) can be considered
as the most plausible mechanism of SW
modulations. However we again emphasize that
only taking into account the wave breaking
modulations supporting non-Bragg scattering
brings the model to an agreement with
observations at both VV and HH polarization.

Most of the experimental estimates of the radar
MTF obtained from platform-based radar
observations at moderate incidence use the
Doppler shift to estimate the LW orbital velocity.
LW orbital velocity is then used to estimate the
wave height spectra and the radar MTF (see e.g.
Plant et al 1983). In the present paper such data
are taken from Hara and Plant (1994) and Schmidt
et al. (1995). Plant (1997) however show that the
Doppler spectra may not be used with the standard
approach to estimate the wave spectrum at
incidence angles exceeding 60°. In the present
paper our simulations of radar MTF have not been
applied to interpret observations at such high
incidence angles. According to our model, wave
breaking significantly contributes to the
hydrodynamic MTF. Then, the question can arise
whether it could also significantly affect the
Doppler shift that may result in a wrong estimate
of the radar MTF. As it was shown in Part 1 the
main contribution to the non-Bragg scattering is
coming from the shortest breaking waves (see Eq.
58, Part 1). This is simply due to the fact that the
shorter are the gravity waves, the higher is the
surface density of their breaking crests. The
wavelength of the shortest breaking waves
supporting non-Bragg scattering exceeds the
radiowave wavelength by a factor of 10. The
experimental evidence of the dominating role of

the shortest wind waves in white cap coverage and
in its modulation by LW was given by Dulov et
al. (2002). For Ka-, X-, and C-band, the scale of
breaking waves responsible for NRCS modulation
is much less than the LW wavelength (hence they
are slow and as well as Bragg waves they are
advected by LW orbital motions). Moreover at
moderate incidence angles (40°≤ θ ≤ 60°) at HH
polarization, and at all incidence angles at VV
polarization they do not dominate radar returns.
Therefore, the impact of wave breaking on
experimental radar estimates of the LW steepness
via Doppler shift is not significant. An implicit
evidence is the well known fact that at moderate
incidence (less than 60°) wave height variance
spectra can be deduced from Doppler shifts
assuming that they are caused by orbital
velocities.

In opposite at L-band, the wavelengths of the
shortest breaking waves supporting non-Bragg
scattering are about 3 meters and more. The scale
of these waves is not negligible with respect to the
LW wavelength, and their phase speed (associated
with the speed of wavebreaking fronts) may
significantly exceed LW orbital velocities. In this
case one may anticipate that Doppler shifts along
the LW are strongly "contaminated", being in one
moment caused by LW orbital motions and in
another one being caused by wave breaking.
Hence the radar MTF for L-band may be
incorrectly estimated. This may be a reason why
observed L-band MTF presented in Fig. 10
indicates large MTF amplitudes which by no
means can be related to the SW modulations.

6. Conclusion

In Part 1, we developed a semi-empirical model
aimed at the description of the Normalized Radar
Cross Section (NRCS) of the sea surface at HH
and VV polarizations, applicable at various radar
frequencies, incidence angles, and wind
conditions. The model accounts for the Bragg and
non-Bragg radiowave scattering components, the
latter being associated with breaking waves.
Statistical properties of the sea surface (needed for
the NRCS computation) are calculated through the
wave spectrum, which in turn results from the
solution of the energy spectral density balance
equation. In the case of steady wind and uniform
medium this model describes the background
statistical and microwave scattering features of the
sea surface.



In Part 1, it was shown that the behavior of the sea
surface NRCS, and in particular the polarization
ratio was correctly reproduced by the model only
if the non-Bragg scattering due to breaking waves
was taken into account. We further showed here
that the contribution of non-Bragg scattering to
the total NRCS is larger at HH polarization than at
VV polarization, as illustrated in Figure 1.

Because of this important role of wave breaking,
it is also necessary to take it into account in the
the analysis of the radar Modulation Transfer
Function. This was the purpose of this Part II.
When describing the surface, modulation of wave
breaking  is considered in addition to modulation
of Bragg waves. This effect has never been clearly
analyzed before. Experimental study by Dulov et
al. (2002) showed that wave breaking is very
strongly modulated by LW, and that wave-
breaking enhancement occurs on the LW crests.

The model of wave-radar MTF developed here,
takes into account the modulation of Bragg and
non-Bragg scattering characteristics of the sea
surface: Bragg waves, mean square slope of the
tilting waves (composite Bragg theory), and
fraction of  the sea surface covered by very rough
surface associated with wave breaking. Variations
of these characteristics along the LW are
calculated through the modulation of the wave
spectrum. It is found as a solution of the wave
action conservation equation where the
source/sink of wave action keeps the same form as
in the background problem (Part 1). Effect of the
LW on the short wind waves is expressed via their
interaction with the LW orbital velocity and with
variation of the wind surface stress along the LW.
Well inside the capillary range, wave modulations
are mainly affected by the mechanism of
generation of parasitic capillaries. Modulation of
carrying gravity waves results in a cascade (and
amplified) modulation of capillary waves.
Modulation of wind surface stress results from the
interaction of the turbulent airflow with the LW
possessing the varying aerodynamic roughness.
To estimate the variation of the stress, it was
suggested that the disturbances of turbulent
characteristics are concentrated inside a thin Inner
Region (IR) adjacent to the surface, and the
airflow above experiences inviscid undulations.
Variations of surface roughness along the LW
results from modulation of SWs providing the sea
surface form drag, which consists of wave-
induced momentum flux to SWs and surface

stress supported by the air flow separation from
breaking waves. Model estimates showed that
large magnitudes of stress modulation (about 10
times the LW steepness) occur at low winds with
its  intensification over the LW trough. At high
winds enhancement of surface stress occurs over
the LW crest, but its amplitude is smaller than at
low winds. Our model calculations indicated that
suggestions made in a number of other studies
(e.g. Hara and Plant, 1994, Romeiser et al, 1994;
Schmidt et al, 1995) that strong wind stress
modulation is the governing mechanism
responsible for the large observed amplitude of
the hydrodynamic part of the radar MTF with its
phase at LW crest can be only valid at high wind
speeds and for the VV polarization.

Our calculations showed that modulations of the
mean square slope of tilting waves do not affect
considerably the hydrodynamic MTF. Thus, the
hydrodynamic MTF results from modulations of
Bragg waves and wave breaking. Since the NRCS
for HH polarization is less than for VV, the
impact of non-Bragg scattering modulation
(which is independent on polarization) is stronger
for the hydrodynamic MTF at HH polarization.
This explains that the magnitude of the
hydrodynamic MTF at HH polarization is larger
than that at VV. This fact has been mentioned in
other studies, but never been explained
quantitatively by wave breaking modulation. In
contrast to the pure Bragg hydrodynamic MTF,
accounting for the wave breaking may explain the
large amplitude of the hydrodynamic MTF, and
also the shift of the MTF phase towards the LW
crest. Even in conditions where the contribution of
non-Bragg scattering to the total NRCS is not
dominant (less than 50%), the strong modulations
of wave breaking significantly contributes to the
radar MTF. At HH polarization, this contribution
is of a crucial importance. While pure Bragg
models of radar MTF fail to reproduce the
observations, our model predictions of radar MTF
are consistent with results from observations for
both polarizations and in a wide range of radar
frequencies from (Ka-band to C-band) either
taken from the literature or obtained for the
present study. At L-Band our modeled radar MTF
underestimates the observations of Schmidt et al.
(1995), which indicate amplitudes of the
hydrodynamic radar MTF much larger than our
model predictions. In this case (L-Band), we
suggest that the technique used to estimate the



radar MTF (based on the Doppler shift of the
radar return) may not be appropriate.

In this set of two papers, the main driving
parameter is the relative ratio between the Bragg
and the non-Bragg scattering mechanism. As
developed, this ratio has been consistently
derived, according to the wave breaking statistics
resulting from the wave energy balance equation.
This ratio is enhanced at HH-polarization. In
contrast to a pure or composite Bragg model, the
full model including the non-Bragg mechanism
explains the difference between VV and HH for
the background NRCS. It also helps to explain
larger amplitude modulations near the crest of the
long waves.

In the next future, theoretical and experimental
investigations should be directed to better assess
the occurrence and distribution of breaking waves
associated with enhanced roughness areas, and
their radar signature. Such studies will directly
serve efforts related to retrieve dominant ocean
surface waves characteristics from spaceborne
Synthetic Aperture Radar. This should also help to
better determine breaking wave statistics from
remote sensing measurements, and henceforth to
quantify from remote sensing the critical role of
wave breaking in air-sea transfer.

ACKNOWLEDGMENT

We acknowledge the support by EU INTAS-
International Association under grand INTAS-
CNES-97-02222, and INTAS-CNES-97-1291.
V.K. also acknowledges support by the Office of
Naval Research under grant ONR N00014-98-1-
0653. We acknowledge the support by CNRS for
providing a 3-months position of V.K as visiting
scientist at CETP in 1999. The FETCH
experiment was supported by CNRS/Institut des
Sciences de l'Univers (PATOM and PNTS
programs), Météo-France, IFREMER, and the
program MATER of the European Commission.
We are grateful to the one Reviewer whose
valuable comments stimulated an  improvement of
the present study.

REFERENCES

Alpers, W.R., and K.Hasselmann, The two-
frequency microwave technique for  measuring
ocean-wave spectra from an airplane or satellite,
Bound.-Layer  Met., 13, 215-230, 1978.

Belcher, S.E. and J.C.R. Hunt, Turbulent shear
flow over slowly moving  waves, J. Fluid Mech.,
251, 109-148, 1993.
Dulov V., V.Kudryavtsev, and A. Bol'shakov, A
field study of white caps coverage and its
modulations by energy containing waves, in Gas
Transfer at  water surface, edited by M.A.
Donelan, W.M. Drennan, E.S. Saltzman and R.
Wannikhof, 187-192, AGU, 2002
Grodsky, S.A., V. N. Kudryavtsev, A.N.
Bol'shakov, and V.E. Smolov, A field study of
wave-induced variations in the radar signal,
Morskoi  Hydrofizicheski Journal, 4, 26-40, 1999
(in Russian).
Hara, T., and W.J. Plant, Hydrodynamic
modulation of short wind-wave spectra due to
long waves measured by microwave radar,
J.Geoph.Res., 99, 9767-9784,  1994.
Hauser, D., G. Caudal, G.J. Rijckenberg, D.
Vidal-Madjar, G. Laurent, and P. Lancelin,
RESSAC: A new airborne FM/CW radar ocean
wave spectrometer, IEEE Trans. Geosci. Remote
Sensing,  30 (5), 981-995, 1992
Hauser, D., and G.Caudal, Combined analysis of
the radar cross-section modulation due to the long
ocean waves around 14° and 34° incidence:
Implication for the hydrodynamic modulation,
J.Geoph.Res., 101, C11,  25,833-25846, 1996.
Janssen P.A.E.M., H. Wallbrink, C.J. Calkoen, D.
Van Halsema, W.A. Oost, and P. Snoeij, VIERS-1
Scatterometer model, J. Geophys. Res., Vol 103,
N0 C4, 7807-7831
Keller, W.C., and J.W. Wright, Microwave
scattering and the straining of wind-generated
waves, Radio Sci., 10, 139-147, 1975.
Keller, W.C., and W. J. Plant, Cross section and
modulation transfer function at L and Ku bands
measured during the Tower Ocean Wave and
Radar Dependence Experiment, J. Geoph. Res.,
95, 16,277-16,289, 1990.
Kudryavtsev, V., C.Mastenbroek, and V.Makin,
Modulation of wind ripples by long surface waves
via the air flow: A feedback mechanism, Bound.-
Layer  Met., 83, 99-116, 1997.
Kudryavtsev, V., V. Makin, and B. Chapron,
Coupled sea surface atmosphere model. 2.
Spectrum of short wind waves, J.Geoph. Res.,
104, C4, 7625-7639, 1999.
Kudryavtsev, V., V. Makin, and J. F. Meirink,
Simplified model of the air flow above waves,
Bound.-Layer Met., 100, 63-90,  2001a.
Kudryavtsev, V., Malinovskii, A. Bol'shakov, and
V. Smolov, A field study of  wave-radar
modulation transfer function at 37 GHz,



Issledovaniya Zemli iz Kosmosa, 4, 13-30, 2001b,
(in Russian).
Kudryavtsev, V., and V. Makin, Coupled
dynamics of short wind waves and the air flow
over long surface waves, J. Geophys. Res., in
press, 2002
Kudryavtsev, V., D. Hauser, G. Caudal, and B.
Chapron, A semi-empirical model of the
normalized radar cross-section of the sea surface.
Part 1: The background model, J. Geoph. Res. (in
press, same issue), 2003.
Kudryavtsev, V., and V. Makin, Coupled
dynamics of short wind waves and the air flow
over long surface waves, Preprint: 2001-23,
KNMI, De Bilt, The Nrtherlands, 34pp., 2001
(also submitted to JGR, 2001)
Plant, W.J., W.C.Keller, and A.Gross, Parametric
dependence of ocean wave-radar modulation
transfer function, J. Geoph.Res., 88, 9747-9756,
1983.
Plant, W.J., Bragg scattering of electromagnetic
waves from the air/sea interface, in Surface
Waves and Fluxes, Volume II - Remote Sensing,
41-108, 1990.
Plant, W.J., A model for microwave Doppler sea
return at high incidence angles: Bragg scattering
from bound, tilted waves, J. Geophys. Res.,
102(C9), 21,131-21,146, 1997.
Romeiser, R., A.Schmidt, and W.Alpers, A three-
scale composite surface model for the ocean
wave-radar modulation transfer function,
J.Geoph.Res., 99,  9785-9801, 1994.
Schmidt A., V. Wismann, R. Romeiser, and W.
Alpers, Simultaneous measurements of the ocean
wave-radar modulation transfer function at L, C,
and X bands from the research platform Nordsee,
J. Geophys.Res., Vol 100,  No 5, 8815-8827, 1995
Schroeder, J., F. Feindt, W. Alpers, and W.C.
Keller, Measurements of the ocean wave-radar
modulation transfer function at 4.2 GHz, J.
Geoph. Res., 91, 923-932, 1986.



 

1 

Observation and modelisation of the winter coastal oceanic circulation in the Gulf of Lion 
under wind conditions influenced by the continental orography (FETCH experiment) 

 
Estournel C. (1), X. Durrieu de Madron (2), P. Marsaleix (1), F. Auclair (1), C. Julliand (1) and R. Vehil (1) 

 
(1) Laboratoire d'Aérologie, UMR 5560 CNRS-
Université Paul Sabatier, 
14 Avenue Edouard Belin, 31400 Toulouse, France 
 

(2) CEFREM, UMR 5110 CNRS-Université de 
Perpignan, 
52 Avenue de Villeneuve, 66860 Perpignan, France 

Paper accepted by Journal of Geophysical Research 
 
 Abstract 
 Hydrological and currentmeter observations were collected on the continental shelf and slope of the Gulf of 
Lion during the FETCH experiment (13 March - 15 April, 1998). Results from the first part of the cruise, 
characterised by strong northern winds, are presented. The hydrological structures evidence well-mixed water masses 
on the eastern and western ends of the shelf. In the central part, the situation is more complex, with the influence of 
the Rhône river's freshwater plume in the first 40 m of the water column, and, closer from the bottom, with the 
confrontation of downwelled coastal cold water and upwelled warmer and saltier slope water. 

Current measurements show the path of the cyclonic circulation along the slope, which is part of the general 
circulation of the western Mediterranean, and suggest the presence of large and temporary eddies on the shelf. 

This oceanic circulation is simulated with a free surface 3-D model using realistic forcing. The model 
outputs are in agreement with the main hydrological and circulation patterns. The results further indicate that coastal 
eddies are generated by the meso-scale structure of the wind field. 

 
1. Introduction 

Nowadays, the oceanic circulation in the coastal zone is the object of an increased attention because of (i) 
the evolving demographic pressure and the concomitant sewage of pollutants that imperil the equilibrium of the 
coastal ecosystems, and (ii) the expected role of these highly productive ecosystems on greenhouse gases cycle (Hall 
and Smith, 1996). 

Hence, the identification and the modelling of the major features of the coastal circulation appear as an 
important stake to assess their effect on the ecosystems functioning and to provide a forecasting tool for their rational 
management. It is clear that, similarly to the operational oceanography programs developed for the open sea, these 
objectives can be achieved only by coupling observations and model. 

Such an approach uses several steps. First, one needs to make sure that the models with their operating 
procedure (initialisation, forcing) are able to reproduce the main characteristics of the circulation for the study area. 
Second, it is necessary to identify the critical points (e.g., boundary conditions, atmospheric forcing, and 
stratification) which will require supplementary field observations. 

Following the aforementioned methodological approach, the present work aims at assessing the ability of 
the SYMPHONIE model to reproduce the major features of the Gulf of Lion circulation observed during a cruise. It 
further attempts to analyse the role of the different forcing (heat flux, freshwater input, wind) on model results, and 
to propose a functioning scheme that can be applied beyond the present experiment. 

 
Figure 1 : Map of the Gulf of Lion and hydrological station network performed during the Fetch cruise. The box delineates the 

limits of the model's domain. The insert indicates the origin of the two main continental winds: the Mistral (M) and the Tramontane (T). 
 
The Gulf of Lion is a fairly large continental margin (Fig. 1) where intense forcings coexist : 

(i) strong continental winds, the Mistral and the Tramontane, whose direction is constrained by the orography. The 
Mistral is a northern wind channelled by the Rhône river valley in the northern part of the Gulf, whereas the 
Tramontane is a northwestern wind channelled by the Naurouze passage, blowing along the Roussillon coasts (Fig. 
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1). The effect of these cold and dry winds on the cooling of the surface waters and the dense water formation in 
winter is well-known (Lacombe and Tchernia, 1974; Hua and Thomasset, 1983; Millot, 1990: Madec et al., 1996; 
Herbaut et al., 1997). 
(ii) the Liguro-Provençal Current, that represents the northern branch of the cyclonic circulation of the western 
Mediterranean Basin. The core of this along-slope current is about several hundreds meters thick and is primarily 
composed of Modified Atlantic Water, from the surface down to 100-150 m depth, and Levantine Intermediate 
Water. 
(iii) fresh waters from the Rhône river, whose plume sometimes extends over a hundred kilometres (Estournel et al., 
1997). The dispersion of the riverine waters tends to reduce the density of the coastal water. 

The oceanographical part of the FETCH experiment, that gathered currentmeters, hydrological and 
meteorological data during one month, aims at analysing the effect of these different forcings, particularly the effect 
of winds, on the Gulf of Lion circulation. The first period of the cruise is characterised by typical unstratified winter 
conditions and intense N-NW winds. The measured currents suggest the presence of large current cells on the shelf 
but the temporal fluctuations of the wind does not permit to confirm their persistence. The SYMPHONIE model is 
used to reconstruct the oceanic circulation and its temporal evolution. The results are used to emphasise the 
mechanisms, which are responsible of the observed circulation patterns. 

The first part of this article describes the experiment, and presents the characteristics of the hydrodynamic 
model and meteorological forcings (wind and heat fluxes). In the second part, the currentmeters and hydrological 
observations are contrasted with the simulation in order to validate the model. In the final part, the role of the wind 
curl on meso-scale shelf circulation is highlighted. 
 
 
2. Material and methods 

2.1. Field observations 
The first leg of FETCH cruise took place from March 13 to March 29, 1998. A network of 20 hydrological 

stations was performed twice. The first survey occurred between March 13 and March 19, and the second survey 
occurred between March 22 and March 26. Additional stations were performed on March 20 and 21 along cross-
shelf transects, which were dedicated to precisely measure the air-sea exchanges (Hauser et al., 2001). Current and 
hydrological data were continuously collected along the ship's track. 
 

Current data - Current profiles are collected with an acoustic doppler current profiler (ADCP RDI Broad 
Band VM300) mounted on the hull of the R/V L'Atalante. Currents are measured for 50 bins of 4 m length each. The 
shallowest reliable measurements is at 10 m depth and the deepest is at 150 m. For water depths less than 150 m, the 
deepest reliable bin is at 85% of the water depth. Current profiles are estimated and recorded every 2 minutes during 
the survey. The horizontal velocities are converted into an orthogonal earth coordinate system. The earth coordinates 
velocity components are the east-west velocity (positive eastward) and the north-south velocity (positive northward).  

Since the bottom tracking mode is disabled, the translational motion of the ship is inferred solely from the 
differential-GPS positioning of the ship. The SIMRAD echo-sounder records and the ADCP backscatter intensity are 
used to infer the seafloor depth and the real depth range of the velocity profiles. The water tracking calibration 
methods described by Joyce (1989) and Pollard and Read (1989) are performed to correct the velocity components 
from misalignment of the transducers head with respect to the ship’s axes. We use the reference layer velocities 
before and after sharp turns of the ship as well as accelerations and decelerations of the ship at stations. The 
reference layer velocities is obtained by averaging over several bins covering the 10-86 m depth range. 

For the present study, profiles are averaged spatially along the ship's track over approximately 2000 m 
travelled distances. The detailed description of the raw data analysis is presented in Durrieu de Madron (1999). 
 

Hydrological data - Hydrological casts are made using a Seabird 9/11 Plus CTD probe between the surface 
and few meters above the bottom. The data are recorded into 24 Hz time-series during the data acquisition. After 
filtering and validation, the downcast portion of each cast is pressure-averaged and sequenced into 1 decibar 
pressure intervals (Taillez et al., 1999). 

A SIS-CTD 1000 thermosalinograph is used to measure the near surface (~3m deep) temperature and 
conductivity along the ship's track. The sampling period is set to 10 seconds. These parameters are corrected from 
the warming of the water within the circuit linking the water input, located at the bow of the ship, and the instrument 
cell (Taillez et al., 1999). 

Temperature is expressed according to the ITS-90 scale. Salinity and density are derived according to the 
1978 practical salinity scale and the 1980 equation of state for seawater respectively (Millero and Poisson, 1981). 
 

Sea surface temperature - Daily sea surface temperature (SST) fields are derived from Advanced Very High 
Resolution Radiometer (AVHRR) satellite data provided by the SATMOS centre. They are composite images 
resulting from various satellites passages. They are not calibrated versus field measurements collected during the 
FETCH cruise, and are thus used only qualitatively to describe the major superficial temperature structures. 
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Meteorological fluxes – One of the objectives of the Fetch experiment was to improve the parameterisation 

of turbulent fluxes at the air-sea interface. Hauser et al. (2001) compared different calculation methods of these 
turbulent fluxes using shipborne measurements. In the present study, we use the fluxes computed with the dissipation 
method to correct the output of a meteorological model used to force the oceanic model at the sea surface. 
 

2.2. Numerical model 
2.2.1. Model specifications 
The SYMPHONIE model has been described in details by Auclair et al (2000a and b). This model was used 

earlier to describe the dynamics of the Rhône river plume and its response to the wind (Estournel et al., 1997; 
Marsaleix et al., 1998; Estournel et al., 2001). It is a 3D primitive equations, sigma coordinate model with a free 
surface explicitly calculated by decomposition of the model equations into internal and external modes as proposed 
by Blumberg and Mellor (1987). Vertical turbulence is estimated using the second-order closure scheme of Gaspar et 
al. (1990), with a prognostic equation for the turbulent kinetic energy and an algebraic formulation of the mixing and 
dissipation lengths. The advection scheme of Beckers (1995) is used for temperature and salinity. The model has 25 
vertical levels, of which 15 are irregularly distributed on the first 300 meters of the offshore water column following 
Auclair et al. (2000a). For a 100 m deep water column, six vertical levels are distributed on the first ten meters under 
the surface. The horizontal mesh is 3.3 km. The viscosity used in the Laplacian horizontal diffusion term is set to 10 
m2 s-1 on the continental shelf and then progressively increased up to 40 m2 s-1 in a boundary sponge layer in order to 
damp potential numerical instabilities generated by the open boundary conditions scheme. Figure 1 shows the 
modelled domain. Its main open boundary is parallel to the continental slope.  

 
2.2.2. Boundary conditions and initialisation 
The near-bottom friction is parameterised by a logarithmic law with a roughness length of 10-4 m. The 

boundary conditions at the surface are standard: the momentum flux is equal to the wind stress, the heat flux is the 
resultant of the atmospheric fluxes (sensible and latent heat fluxes) and radiative fluxes (short and long wavelengths). 
The penetration of solar flux in the superficial layers decreases exponentially with depth. The salinity flux is 
calculated from the evaporation (precipitations are null for the period considered). The flux of turbulent kinetic 
energy at the surface is based on a balance between the production and dissipation terms (Gaspar et al, 1990). 

The freshwater supply by the major rivers (Rhône, Hérault, Aude and Orb) is taken into account (Data from 
the Compagnie Nationale du Rhône and the Directions Départementales de l'Équipement). The Rhône river 
discharges represent more than 90% of the total freshwater inputs for the period considered. The boundary condition 
at the river mouth is prescribed from the daily measurements of the discharge following Estournel et al. (2001). The 
average Rhône discharge over the duration of the simulation is about 970 m3 s-1, which is lower than the mean annual 
value (1670 m3 s-1). 
 A characteristic radiation condition is applied at the open lateral boundaries (Oey and Chen, 1992): 

( )ff gHUU ηη −±=−  

where η is the free surface elevation, U is the component of the transport normal to the boundary and the index f  
refers to the large scale fields forcing. An upstream condition for temperature and salinity implies that large scale 
fields, fT  et fS , are advected into the simulated domain under inflow conditions. The large scale field considered 

as constant during the simulation period is also applied over the whole grid at 0tt =  as an initial state of the 
presented simulation. The determination of the latter is detailed in Appendix. The initial fields allow to represent the 
mean characteristics, observed during the first leg of FETCH, of the large scale circulation (i.e., the Liguro-
Provençal alongslope current). For water depth lower than 100 m, the initial currents are near zero and the 
temperature and salinity fields are quasi homogeneous both horizontally and vertically. The simulation starts at 0t  
corresponding to 6 March, about 8 days before the first observations. Sensitivity studies to the spin-up duration and 
the different comparisons between simulated and observed fields indicate that this period of 8 days looks long 
enough to allow the wind driven circulation and the Rhône plume to settle on the shelf.  
 
 2.3. Analyses of meteorological forcings 

The model is forced at the surface by the wind stress and the heat fluxes. The fluxes measured on the ship 
during the experiment are not sufficient to precisely characterise the spatial and temporal variability of the surface 
fluxes necessary to correctly model the meso-scale circulation on the continental shelf. Instead of these ship-borne 
data, we use data from the high resolution (0.1x0.1°) weather-forecast model Aladin from Météo-France. Surface 
fluxes are available every 3 hours and are integrated over this duration. The field of each specific flux at a given time 
is interpolated on the grid of the model. For each time step of the model, a linear interpolation is performed between 
two successive fields. 

A comparison of the wind stress measured along the ship's track and the corresponding values from the 
Aladin model is presented in figure 2. The Aladin wind stress does not present any systematic bias with respect to 
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the field observations. With the exception of a few periods like March 15, the Aladin outputs correctly reproduce the 
variations of the wind intensity and direction. 

   
Figure 2 : Comparison of the wind stress (direction and 
amplitude) and latent heat flux measured on board of the R/V 
Atalante (solid line) and simulated from the Aladin 
meteorological model (dotted line) along the ship's track. 
 

Figure 3 : Comparison of the latent heat measured on board of 
the R/V Atalante and simulated from the Aladin meteorological 
model along the ship's track. The straight line indicates the least 
square regression used to correct the data from the Aladin model. 

This comparison is also carried out for the different components of the heat flux (sensible, latent, short and 
long waves fluxes). During periods of N-NW winds, latent heat flux, which induces a strong heat loss from the sea to 
the atmosphere, has a major influence. A comparison of the Aladin latent heat fluxes with the observations reveals 
that the Aladin model overestimates the heat flux, especially when the fluxes are intense (Figure 2). In order to 
obtain a more appropriate forcing for the oceanic model, we adjusted statistically the Aladin fluxes to the 
observations (Figure 3). The least-square fittings yields the following relations : 
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where LE , H , irF , solF  are the latent, sensible, net long wavelength, solar heat fluxes and τ the wind stress from 
the Aladin model whereas the asterisks refer to the corrected flux values used in the oceanic model.  

  
Figure 4: (a) Temporal variation of the wind stress (solid line) and the non-solar heat flux (dotted line) averaged over the model's domain. (b) 
Spatial distribution of the wind stress (arrows) and the non-solar heat flux (annotated contours) averaged over the modelled period (6 - 26 
March 1998). 

The figure 4a presents the temporal variation of the corrected non-solar flux )( ***
irFHLE ++  and wind stress 

averaged on the domain. For clarity of the figure, the solar flux is not represented. It has a daily mean value of about 
200 W m-2. The heat budget at the surface is thus in deficit. Given an average water layer thickness of 100 m, this 
heat loss produces over the period from March 6 to March 26 a net cooling of 0.12 °C. Likewise, if one considers 
only the 10 to March 16 period, which includes two gales, the cooling reaches 0.38 °C. 
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The figure 4b presents the spatial distribution of the non-solar flux and wind stress averaged over the 
modelled period (6-26 March). The spatial structure of the wind stress shows two maxima, in the northern and the 
southwestern parts of the shelf, corresponding to the paths of the Mistral and Tramontane. The maximum values of 
the wind stress are about 5 times higher than the minimum values. The maximum intensity of the wind is observed 
near the Cape Creus at the southwestern tip of the gulf. The strongest heat loss is observed in the northern part of the 
gulf, associated to the cold and dry Mistral. 
 
3. Comparison between observations and model 

We present here an assortment of comparisons between the model's simulations of the temperature, salinity 
and velocity fields and the observed fields. We attempt to show that the model reproduces the major hydrological 
and circulation characteristics. 
 
 3.1. Horizontal distribution of surface temperature and salinity  

3.1.1. Observed surface temperature and salinity 

   
Figure 5 : Comparison of the observed and simulated sea surface temperatures. AVHRR SST images for the 14 March 1998 (a), 17 March 
1998 (b) and 21 March 1998 (c). Simulated SST distribution for the 14 March 1998 (d), 17 March 1998 (e) and 21 March 1998 (f) 

 
Observations - AVHRR sea surface temperature between March 14 and March 21 (Fig. 5 a, b, c) highlights 

the superficial thermal structures and their temporal variability over the whole Gulf. The image of March 14 
evidences the warm path of the Liguro-Provençal Current that roughly follows the continental slope. The slope 
current intrudes on the shelf at the eastern part of the gulf. A tongue of warm water penetrates onto the shelf at the 
longitude of Sète (~3° 40' E) isolating two regions of colder water south of the Camargue and along the Languedoc-
Roussillon coast. During the next week, the intrusion at the eastern part of the shelf develops as a westerwards 
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propagating meander and the tongue of warmer water rapidly fades.  
Surface salinity field is described from thermosalinograph data (Fig. 6a) obtained during the first survey 

(14-19 March). A map of these data shows the salinity field, and illustrates the freshest waters south of the Rhône 
river mouth and a dilution area extending towards the W/SW up to the longitude of Sète (3° 40' E). 

 
Figure 6 : Comparison of the observed and simulated sea surface salinity. (a) Map of surface salinity measured along the ship's track between 
the 14 and 19 March, 1998. (b) Map of surface salinity simulated by the model along the ship's track between the 14 and 19 March, 1998. 

 
3.1.2. Simulated surface temperature and salinity 
Figures 5 (d,e,f) show the simulated surface temperature on March 14, March 17 and 21 at 0H. The path of 

the Liguro-Provençal Current is clearly identified by the warm temperature strip that cools downstream. The position 
of the front separating the colder coastal water from the slope water is generally well defined. The northward 
intrusion of the slope water onto the shelf at the latitude of Sète, observed on the SST, is also clearly seen in the 
model outputs. The model also reproduces the cold water region south of the Camargue observed on SST, in 
particular that of March 17, though the contrast with neighbouring waters seems stronger than in reality. It is 
noteworthy that the temperature minimum south the Camargue coincides with the region of maximum heat loss (Fig. 
5b). However, the model does not reproduce the cold water band observed along the Roussillon coast. The heat loss 
in this zone is minimal (Fig. 4b) and it is likely that their formation occurred prior to the initialisation of the model. 

The modelled surface salinity along the ship's track is shown in Fig. 6b. The comparison with the 
observations (Fig. 6a) illustrates that the dilution area of the freshwater coming from the Rhône river is well located, 
though salinity values are overestimated in the distal part of the dilution area. The instantaneous salinity (not 
presented here) and temperature fields from the model  indicate that the dilution area expands in the southwest 
direction, hugging and overlapping the eastern side of the tongue of cold water that also spreads south-southwest off 
the Camargue coast (Fig. 5d-f). 
 

3.2. Vertical distribution of temperature, salinity and density 
3.2.1. Observed vertical distributions 
During wintertime, the surface layer between the surface and 150 m depth is rather homogeneous. However 

in small areas, variations of temperature and salinity related to the interleaving of water of different characteristics 
and origin are observed. This confrontation of waters is clearly visible on the FETCH02 cross-shelf section 
performed on March 21st in the central part of the gulf (~ 4° 15'E) (Fig. 7a, b, c). This section shows that the layer 
influenced by the dilution of the Rhône river plume appears as a lower salinity layer between 40 and 60 m thick. It is 
bordered by a narrow band of homogeneous water near the coast and the warmer and saltier slope water. Near the 
bottom, the water on the inner- and mid-shelf resembles the slope water at 80 m depth, but are separated by a core of 
cold and less saline water.  

The mapping of the temperature and salinity field at 20 meter above the bottom (Fig. 8a, b) defines the limit 
of these two water masses. Though this altitude is relatively distant from the seafloor, it allows to preserve the largest 
number of stations for mapping. Thus, the cold and less saline water forms a cell south of the Camargue. The warmer 
and saltier water extends on the outer- and mid-shelf between the latter section and about 3°40'E. The presence, at 
some stations, of salinity up to 38 very near the bottom (data not shown) confirms that this water is upwelled from 
the slope. The presence of warm and salty waters east of the Rhône also attests the intrusion near the bottom of slope 
water onto the shelf similar to that observed for the surface layer with the SST.  

 
3.2.2. Simulated vertical distributions 
Figure 8 (c, d) presents the temperature and salinity fields on the first level of the model above the bottom. 

The outputs are given for the 17 March, which corresponds to the mid-term of the first survey (14-19 March 1998). 
The modelled structures clearly illustrate the intrusion of slope water onto the shelf east of the Rhône, and also on 
the western part of the shelf. The presence of a tongue of cold and less saline water offshore of the Camargue with a 
clear cross-shelf frontal zone is also evidenced. However, the model shows the southwestwards spreading of this 
water more important than that inferred from the observations. 
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Figure 7 : Comparison of the observed and simulated hydrological structures on a cross-shelf vertical section. Observed 

distribution of potential temperature (a), salinity (b) and potential density anomaly (c) on the Fetch02 section performed on the 21 March 1998 
around 4°E15' of longitude. Simulated distribution of potential temperature (d), salinity (e) and potential density anomaly (f) on a cross-shelf 
section performed on the 17 March 1998 around 4°E15' of longitude. 
 
The figure 7 (d, e, f) displays the modelled vertical hydrological structure on a cross-shelf section around 4°E20', 
close to the FETCH02 section. These outputs show the dilution layer of the Rhône river plume on the mid-shelf, a 
core of cold water near the bottom, and the upwelling of warm and salty slope water onto the outer shelf. The 
modelled temperature on the inner shelf is slightly colder than the observed temperature. This discrepancy probably 
relates to the position of the section, since figure 8c indicates that the temperature near the coast gets warmer west of 
the section.  

  
Figure 8 : Comparison of the observed and simulated temperature and salinity near the bottom. Map of near bottom (20 mab) potential 
temperature (a) and salinity (b) measured along the ship's track between the 14 and 21 March, 1998. Map of near bottom potential 
temperature (c) and salinity (d) simulated by the model for the 17 March, 1998. 

 
3.3. Horizontal and vertical distributions of the currents  
3.3.1 Observed currents 
The horizontal circulation patterns observed from the shipborne ADCP are represented for the two surveys. 
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As current profiles are rather homogeneous over most of the shelf, the current fields at 30 m depth (figure 9) give a 
reliable and complete picture of the main current patterns on the shelf.  

 
Figure 9 : Comparison of the observed and simulated horizontal distribution of the currents. Observed currents at 30 m depth along the ship's 
track for the first survey (14-19 March, 1998) (a), and the second survey (22-26 March 1998) (b). Simulated currents at 30 m depth along the 
ship's track for the first survey (14-19 March, 1998) (c), and the second survey (22-26 March 1998) (d) 
 
The cyclonic flow of the Liguro-Provençal current is well identified at the southern end of the cross-slope sections 
for the two surveys. The core of the current, centred above the 1000 m isobath, is about 25 km wide and shows 
maximum velocities between 40 and 50 cm s-1. On the western part of the slope, a narrow eastward flowing counter 
current borders the inner side of the current. The circulation of the shelf is more complex and the currents reach 
maximum speed of 30 cm s-1. It is primarily directed to the west on the outer shelf and to the east on the inner shelf. 
For the first survey, the rotation of the currents along the cross-shelf and along-shelf sections centred around 4° E 
and 43° N suggests the presence of an anticyclonic eddy over the central part of the shelf, whereas for the second 
survey the anticyclonic circulation extends over most of the shelf. 

The vertical structure of the current for the cross-shelf section performed on March 21 in the central part of 
the gulf (~ 4° 15'E) is presented in Fig. 10a. The Liguro-Provençal Current appears between stations 34 and 35 as a 
core of strong currents heading to the southwest. The current intensity within the core decreases from about 30 cm s-1 
near the surface to about 15 cm s-1 at 100 m depth. The layer of freshwater influence that extends from the mid-shelf 
to the upper slope (stations 39 to 35) moves westwards with a mean velocity of about 15 cm s-1. Below that layer, the 
currents are slower (< 5 cm s-1) and moves in different directions. The narrow core of cold water observed at station 
37 moves towards the west. The currents on the upper slope are directed to the northwest, i.e., they present a cross-
slope component inducing the upwelling of slope water on the shelf. A narrow eastward flowing current, associated 
to the strong tilting of the isopycnals (Fig. 7c), is observed at the shelfbreak (station 36). Finally the barotropic 
coastal jet with velocity up to 30 cm s-1 skirts the shore to the east. 

 
3.3.2 Simulated currents 
Figures 9 (c, d) show the simulated currents along the ship's track for the two surveys. The position and the 

intensity of the Liguro-Provençal along the slope agree with the observations. The eastward flowing counter current 
on the slope is not reproduced, but a significant slowing down of the westward flowing flow appears above the upper 
slope. The comparison on the shelf is more difficult because there is a strong variability in both the observed and 
simulated currents. Model results nevertheless reproduce the intensity and the direction of the major patterns on the 
outer shelf and near the coast. Figure 10b presents the zonal and meridional currents on a cross-shelf section close to 
the FETCH02 section. Similarities between the simulated and observed currents exist, although quantitative 
discrepancies are obvious. From the coast to the open sea and below the surface Ekman layer, not described by the 
observations, one finds the southwestwards flowing core of the Liguro-Provençal current with intensities comparable 
to the observations. At the shelfbreak, the slope water tends to upwell on the shelf in accordance with the 
observations. The eastward flow on the slope is also present, but is slightly deeper than the observed one. On the 
outer shelf, the southwestwards flow is correctly reproduced whereas the eastward coastal jet is correctly located but 
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is weaker than in reality. 
 

 
Figure 10 : Comparison of the observed and simulated distribution of the currents on a cross-shelf vertical section. Observed distribution of 
zonal (a), and meridional (b) currents on the Fetch02 section performed on the 21 March 1998 around 4°E15' of longitude. Simulated 
distribution of zonal (a), and meridional (b) currents on the Fetch02 section performed on the 21 March 1998 around 4°E15' of longitude. 
Solid isolines correspond to negative values and dashed isolines correspond to positive values. 
 

3.4 Conclusions on the data/model comparison 
Qualitatively, the simulation reproduces the major hydrological and circulation features observed during the 

cruise. Quantitatively, it is unrealistic to expect a perfect agreement between the model and the observations given 
the crude initialisation of the model. Despite the brevity of the simulation, it is worth to note that the atmospheric 
forcing and the freshwater inputs produce temperature and salinity fields close to the observed fields.  

Some deviations between the model and the observations can probably be explained by the uncertainty in 
surface fluxes (example of the storm of 15 March missed by the atmospheric model) and in the initial state of the 
model especially the temperature field on the shelf. For instance,  cold waters localised along the western coast on 
the satellite SST are not represented by the model. If we assume that the spatial distribution of the atmospheric 
fluxes used to force the model are not questionable, an explanation could be that the residence time of this water 
body exceeds the duration of the simulation (i.e., this water body was probably present before the beginning of the 
simulation and was not included in the initial temperature field). It is difficult to quantify the relative importance of 
initial and forcing conditions on the forecasting errors due to the lack of observations on the atmospheric fluxes 
during the spin-up period and on the density field at the initial state (only a SST field on March 3 is available before 
the one of March 14 (Fig. 5a). For lack of in situ data allowing to correct the initialisation of the model, an 
assimilation of the SST data in the coastal zone would permit to minimise this error. Salinities in the distal part of the 
dilution area are overestimated, especially for the first period of simulation (14-19 March,  Fig. 6). The observed 
differences between the simulated and in-situ salinity fields may be due to various numerical problems including an 
insufficient spin-up duration, a coarse grid mesh, and/or too much diffusion produced by the advection scheme. 
 The initialisation method of the general circulation is based on simple concepts. However, it allows us to 
accurately reproduce the position and vertical structure of the Liguro-Provençal and its interaction with the 
continental slope. The narrow eastward current linked to the tilting of isopycnals at the shelf break is only partially 
reconstituted by the model. This inconsistency could be attributed either to the short spinning period of the model, 
that does not reproduce correctly the ascent of isopycnal. It is also probable that the grid mesh size and the 
horizontal diffusion are too large to describe correctly this small scale structure. The influence of the shelf 
topography should be also investigated insofar as the tilting of isopycnals and the position of the front between the 
shelf and slope waters could be related to the presence of a topographical bump located on the external shelf near 
4°E (Fig. 1 and Fig. 7c). The model bathymetry is not enough accurate to take correctly into account the local 
consequences of these topographical features on the density field. On the shelf, the large scale structures of the 
circulation are rather well reproduced but the mixing of the spatial and temporal variability in the data makes a finer 
analysis difficult.  

In conclusion, the present simulation seems close enough to the observations to serve as a base for the 
interpretation of the system, then allow us to widen this interpretation in a more general frame. 
 
4. Analysis of the driving mechanisms on the shelf circulation and their implication 

The observations and the simulations emphasise the various processes that take place during March 1998 in 
the Gulf of Lion, in particular the intrusion/upwelling of slope water onto the shelf, the downwelling of cold dense 
water and the relatively complex circulation on the shelf. The validation of the model in the previous paragraph lets 
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us to have some confidence in the simulated circulation patterns and hydrological structures. By procuring a detailed 
description of the circulation at any time, it allows to analyse the respective effect of dominant physical forcing 
(wind stress, heat flux, freshwater). 
 

4.1 Effect of wind on the appearance of eddies on the shelf 
The observed currents on the continental shelf (Fig.9a, b) indicate the presence of eddy structures whose 

extension is variable. During the first period (Fig. 9a), an anticyclonic eddy -- centred on 4°E and of about 50 km 
wide -- occupies the northern part of the gulf whereas the currents on its western part seem rather directed 
southward. Figure 9b also indicates the presence of an anticyclonic eddy but extending over most of the shelf. 
However, the incomplete spatial coverage and the duration of the surveys unable us to confirm the existence of these 
structures as well as their lifetime. 

 

 
 
 
 
 
Figure 11 : Depth-averaged current field for the 16 March, 1998 
(a) and 20 March, 1998 (b). Wind fields for the 16 March, 1998 
(c) and 20 March, 1998 (d). 

The model is used to solve these uncertainties and to assess the effect of the wind. Figure 11 presents two 
snapshots of the depth-averaged circulation that are representative of the observed conditions during the two surveys. 
The first period (13-18 March, figure 11 b) is characterised by the coexistence of the Mistral blowing over the 
eastern half of the gulf and the Tramontane blowing over the western half. During the second period (19-26 March, 
figure 11d), the Mistral persists while the Tramontane weakens yielding a more unidirectional wind field. The 
circulation obtained for both situations corroborates the observations (Fig. 9a, b). For the first period (Fig. 11a), the 
shelf circulation is dominated by an anticyclonic eddy in the central part of the shelf and a cyclonic circulation with a 
strong southward coastal current in the western part of the shelf. For the second period, the anticyclonic circulation 
extends over the whole shelf inducing a reversal of the coastal current along the western coast. 

A sensitivity study of the oceanic circulation to the wind, river discharge and heat flux shows that the 
strength, direction and spatial structure of the wind mainly affect the circulation. Four academic simulations with 
simplified wind fields illustrate the role of the wind direction and curl (Fig. 12). The currents are averaged vertically 
and over one inertial period following three days of constant forcing (wind stress = 0.5 N m-2). This duration is 
sufficient to obtain a quasi steady state circulation.  

 

 
 
 
 
 
Figure 12 : Depth-averaged current fields for different wind 
direction and structures: (a) homogeneous northwestern wind, (b) 
homogeneous northern wind, (c) inhomogeneous northwestern 
wind (Tramontane), (d) inhomogeneous northern wind (Mistral). 
The large arrows represent the wind field. 

Because of the crescent-shape of the gulf, the circulation in some areas is particularly sensitive to the wind 
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direction. For a spatially homogeneous northwestern wind (Fig12.a), the entire shelf region between Cape Creus and 
the Rhône is affected by upwelling due to a depression of the sea surface near the coast inducing a northeastwards 
circulation. For an homogeneous northern wind, the situation is more complex: (i) the western coast is favourable to 
a downwelling circulation: due to the vanishing cross-shore component of the Ekman transport at the coast, an 
equilibrium is achieved through dissipation effects, resulting in an enhanced southward coastal jet (ii) the northern 
coast, rather favourable to upwelling, shows no significant transport because of the opposition between the westward 
Ekman transport and the eastward geostrophic current (Csanady, 1982). Finally the transition area between the 
upwelling and the downwelling circulations is characterised by a strong divergence which is compensated by an 
anticyclonic circulation on the inner shelf. 

In the next two simulations, we assess the influence of the curl of the Mistral and Tramontane winds (Fig. 
12 c, d). For that purpose, we impose a wind stress of 0.5 N m-2 along the axis of both winds determined from the 
wind field depicted in figure 11b. The wind stress decreases linearly over a distance of 100 km on both sides of the 
maximum wind axis. The comparison with the previous simulations, that consider homogeneous wind fields, reveals 
that the shelf circulation is closely linked to the wind curl. For example, in the case of the Tramontane (Fig. 12c), the 
circulation on the western part of the shelf is inverted with regard to the case of a uniform Tramontane (Fig. 12a). 
The wind curl induces an anticyclonic eddy circulation (Fig. 12d) on most of the shelf in the case of the Mistral 
(negative wind curl) and a cyclonic circulation in the western half of the shelf in the case of the Tramontane (positive 
wind curl).  
 To finish this sensitivity study, we look at the constraint exerted by the topography of the continental shelf 
on the coastal circulation. For that purpose, we perform a simulation identical to that illustrated on Fig. 12d except 
for the topography characterized by a 100m deep flat bottom on the shelf (Fig.13).  

  

 
 
 
 
Figure 13 : Depth-averaged current field for an inhomogeneous 
northern wind (Mistral) and a 100m deep flat bottom on the 
continental shelf. 

One can see that the main characteristics of the circulation are little influenced by the shelf topography thus 
confirming the determining role of the wind field. Local variations are nevertheless observed , e.g. for the flat shelf 
case, the anticyclonic eddy penetrates farther eastward due to the deepening of the shelf which is relatively narrow 
south of the Rhône delta. In fact, the determining effect of topography is related to the position of the shelf break 
which constrains the offshore extension of the wind-induced eddies. A simulation with a flat bottom on the whole 
model domain shows that the anticyclonic eddy as well as the small cyclonic eddy located at the south of the Rhone 
extend offshore up to the southern open boundary (the simulation is not presented here because of the sensitivity of 
the result to the position of the open boundary).  

On the basis of the academic simulations of Fig. 12, the observed and modeled circulation during the first 
survey (Fig. 9a and 11a) can be reasonably interpreted as the result of the juxtaposition of the effect of the Mistral 
and Tramontane curls (Fig. 12c and d). During the second period, the weakening of the Tramontane produces a wind 
field with a predominant Mistral component (Fig. 11d). The observed and modeled circulations for this latter period 
(Fig9b and 11c) agree reasonably well with the academic simulation with Mistral only (Fig. 12d).  

This study emphasises the critical need of an accurate knowledge of the spatial structure of the wind to 
model the oceanic circulation on the shelf, since the wind curl rather than the wind direction forces the direction of 
the coastal currents. 
 

4.2 Exchanges of water on the shelf 
The in-situ observations show the presence of various water masses on the shelf: 

(i) though the Rhône river discharges during March 1998 are relatively low and the strong winds favour the dilution 
of the freshwater plume, the region of freshwater influence extends over a large area and is still visible at 100 km 
southwest of the river mouth.  
(ii) cold and less saline water takes place near the bottom south of the Camargue, 
(iii) tongues of relatively warm and salty slope waters penetrate onto the shelf. Although the characteristics of these 
waters are mostly marked near the bottom, the SST also identifies them on the eastern and western part of the shelf. 
As the simulation reproduces these various bodies of water, we use the model output to find the mechanisms 
responsible of their formation and spreading. 

4.2.1. Intrusion of slope water onto the shelf 
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In so far as the Coriolis parameter can be considered constant, coastal currents tend to follow the isobaths 
because of vorticity conservation constraints (Mertz and Wright, 1992). On continental shelves,  constant wind also 
tends to produce along-coast currents, which, in the case of an ideally rectilinear coastline, have no cross-shelf net 
transport (Csanady, 1982). In the previous section, it has been seen that inhomogeneous wind field and irregular 
bathymetry induce complex circulations. For instance, in the case of northern wind (Fig 12 b), the southward coastal 
current exports water out of the Gulf of Lion. Compensations by offshore waters intrusions are achieved through 
cross-slope currents driven by the eddy circulation on the shelf. For a uniform northwestern wind (Fig. 12a), slope 
water originating from the Liguro-Provençal Current penetrates onto the southwestern shelf and exits it mostly in its 
northeastern part, thus going back to the slope. The two last academic simulations (Fig. 12 c, d) with non-uniform 
winds have a different impact on the shelf-slope exchanges, with a strong export of shelf water for the Tramontane 
situation and very little cross-slope exchange for the Mistral situation. 

The two realistic simulations of March 16th and 20th (Fig. 11), that embrace the two latter cases, reveal the 
shelf-slope exchanges that take place during the two surveys. On March 16th, the combined effect of the Mistral and 
the Tramontane induces a cyclonic circulation in the west and an anticyclonic circulation in the north. Following the 
outflow of coastal water at the southwestern limit of the shelf, compensating flows of slope water penetrate onto the 
shelf south of the Rhône delta and also at the latitude of Sète, where it is advected towards the coast by eddy 
circulations. On March 20th, the predominance of the Mistral significantly changes the shelf circulation and reduces 
the shelf-slope exchanges because the large anticyclonic cell that develops over most of the shelf tends to isolate the 
coastal water from the slope waters. 

 
4.2.2 Genesis and spreading of cold water 
Winter formation and cascading of dense cold water is a well-known mechanism in the Gulf of Lion 

because of cooling and evaporation caused by the continental cold and dry winds (Lacombe and Tchernia, 1974). 
During the Fetch experiment, the coldest waters are localised south of the Rhône delta where the heat loss is 
maximum. In this area, on the March 14-15, the thermosalinograph measures minimum surface temperature and 
salinity (θ = 12.5 °C and S = 37.7), close to the characteristics of the cold water found near the bottom on the mid- 
and outer shelf (θ = 12.6 °C and S = 37.8). Spreading of this cold dense water is linked to buoyancy effect and also 
to the wind-driven circulation. Indeed, a simulation with only the wind forcing (no heat surface flux and freshwater 
supply) yields a spreading of the coastal water to the southwest, as well as an upwelling of slope water near the 
bottom, similar to the realistic simulation. Two concurrent transport processes - both related to the anticyclonic shelf 
circulation - seem to control the presence of cold water near the bottom. 

First, due to an eastward shift of the meteorological fields on March 14th, the anticyclonic eddy moves to 
the east. The cross shelf branch of the latter leads to offshore advection and downwelling of cold coastal waters. 
Second, downwelling processes occur in the convergence area between the southward eddy circulation and the 
southwestwards wind driven surface current in the region of the Rhône delta. This could explain the deepening of the 
fresh surface layer observed at stations 38 and 39 (Fig. 7b). 

The simulation allows us to examine the fate of the bottom cold water. According to the computed 
circulation (Fig.11b), after they have reached the external shelf, the cold waters should be entrained to the southwest 
by eddy circulation according to the current measurement at 60m near station 37 (Fig. 10a). Thus, most of cold 
waters are trapped on the continental shelf especially since their offshore progression would be limited by opposing 
upwelling currents on the slope evidenced by northwestwards current observed south of station 36 (Fig. 10a). 
 
5. Conclusions 

A first conclusion is that  the 3D oceanic simulation of the FETCH experiment reproduces the main 
characteristics noticed in the different observations (hydrology and currents). The accuracy and the high resolution 
(in space and time) of the atmospheric fluxes (especially the wind stress) is primarily responsible of the good results 
of the simulation on the continental shelf. The data based initialisation of the large scale circulation and density field 
allowed also to represent correctly the shelf - slope exchanges. Quantitative differences have been noted between the 
observations and the simulation such as the underestimation of the SST by the simulation along the western coast of 
the Gulf. Reasons probably lie in the uncertainties in initial conditions and also in atmospheric fluxes : the model 
starts 8 days before the first measurements with an homogeneous temperature field on the shelf which does not allow 
to estimate the uncertainties during -the spin-up period. Even during the experiment period, the measurements on 
board the ship are not fully adapted to check with accuracy the large spatial variations of the atmospheric fluxes 
(especially near the coast where the largest discrepancies between the simulated and observed SST lie).  

It is obvious that if errors stay at an acceptable level for short simulations, they might become unacceptably 
large for longer (seasonal) simulations. In that latter case, uncertainties in the initial fields are certainly not crucial 
but at the opposite the consequences of systematic biases in the atmospheric fluxes such as those shown in Figure 3 
can be dramatic especially in regions characterised by long residence time of the water masses. An interactive 
procedure to compute the fluxes, using the sea surface temperature of the hydrodynamic model as in Castellari et al. 
(1998) will likely be efficient to limit the consequences of such biases. Assimilation of satellite SST is probably also 
an interesting way to deal with these problems provided that meteorological and sea state conditions are not 
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favourable to large skin effects affecting the SST. 
 Concerning the physical results of this study, the hydrological and current data sets as well as the modelling 
study using realistic forcing characterise the winter circulation associated with continental winds. The shelf 
circulation is largely driven by wind. More exactly, the wind curl linked to the continental orography is the key 
factor that controls the direction of the coastal currents and induces eddy circulation on the shelf. An important 
consequence is the difficulty to forecast the coastal circulation, even the broadest trends, without a good knowledge 
of the wind field at meso-scale. In the present case, the wind stress data used to force the oceanic model has a 
sufficient spatial resolution (0.1°) and temporal resolution (3 h time step) to reproduce the major circulation patterns. 
The different simulations which have been performed with stationary wind fields show that the circulation can be 
considered as quasi stationary after two days of forcing. Consequently, it seems that in the case of strong and 
relatively well established wind field, the coastal circulation is only slightly sensitive to the choice of initial 
conditions of the simulation. Ìn the absence of a similar study for stratified summer conditions, this conclusion 
should be limited to winter mixed conditions. This outcome is interesting since it gives some elements of response to 
the question of predictability of the coastal circulation. 
 Upwellings of slope water onto the shelf are observed at different locations. These inputs of water 
compensate the export of shelf water by the wind-driven coastal currents. Again, the knowledge of the wind curl is 
essential for the quantification of the shelf-slope exchanges. As an example, two different wind regimes occur during 
the modeled period. Although the average wind speed and direction are relatively comparable, the juxtaposition of 
the Mistral and Tramontane provokes coastal currents that export shelf water and induce, in turn, compensating 
inflow of the slope water onto the shelf.  The Mistral alone provokes a large anticyclonic circulation extending over 
most of the shelf , which tends to isolate the shelf water from the slope water. 

The dispersion of freshwater from the Rhône river and the strong cooling induced by the Mistral south of 
the Rhône delta generate a layer of cold and less saline water. The model results indicate that the southwestwards 
spreading of the cold water is associated with the wind-induced anticyclonic eddy. Two processes limit the cascading 
of this layer of cold water. The freshwater from the Rhône decreases the density of the surface layer and inhibits the 
cascading. The western part of the shelf is probably more favourable to cascading than the eastern part since it is 
farther from the freshwater sources. The second process is linked to the upwelling of slope water near the bottom. It 
is possible that the calm periods following the wind gust favour spreading of the dense water due to the upwelling 
relaxation. 
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Appendix A  
Concerning the initialisation of a free surface coastal model, Auclair et al., 2000b showed that a crude 

interpolation over the model grid of large scale model outputs, or a fortiori irregularly distributed observations, 
results in a strong unbalance of the model discrete equations. The beginning of the simulations is then characterised 
by unrealistic transient processes such as the propagation of gravity waves excited at the coast or over steep 
topography areas. The solution proposed by Auclair et al., 2000b is to apply an optimal interpolation method based 
on the linearised model equations. If the full set of equations and variables of the model is used, this inverse method 
leads to solve an eventually large linear equations system. An interesting compromise between c.p.u. and equilibrium 
of the initial state can be found if the set of equations and variables is for instance limited to the external mode of the 
model. In the present paper, the initialisation is calculated from a set of linearised equations deduced from the model 
under the following assumptions : 
 
Rigid lid approximation 

x
V

y
U

∂
∂=

∂
∂−= ψψ ,   A1 

where U  and V  are the components of the transport and ψ  the barotropic stream function. 
 
Parameterisation of the vertical shear of the geostrophic current 
Let us consider the following form of the pressure gradient: 

∫ ∆+∆=∆
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where sp∆ is the surface pressure gradient and ρ∆ the horizontal gradient of density. We followed a method 

presented in Cooper and Haines (1996) in order to simplify (A2). Considering ( )zρ  an horizontally homogeneous 
density field, we may assume that horizontal density gradients result from homogeneous vertical displacements h of 
the water columns. The pressure gradient may then be approximated by: 
 

hzgpzp s ∆−+∆=∆ ))()0(()( ρρ  A3 
 
the gradient of vertical displacement h∆  may be given using (A3) and a condition of no motion at a prescribed 
depth zref  
which may be the depth of the bottom as in Cooper and Haines (1996): 
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Finally we obtain the relationship: 
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with  
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)(zR  was first determined using (A6) and the CTD density sections. We can see from (A5) that )(zR  can be 

considered as a nondimensional form of the vertical shear of the geostrophic current. The validity of our basic 
assumption ( h∆  is vertically uniform) was then examined thanks to a comparison of )(zR  with geostrophic 
calculations performed from hydrographic data. Finally, we concluded that )(zR  was better estimated by :  
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where gV  is the mean geostrophic current modulus. Geostrophic currents were calculated from CTD data located in 
the region of the Liguro-Provençal current, using a classical level of no motion at the bottom (Durrieu de Madron et 
al., 1992). 
 
Equilibrated linearised transport equations: 
 Neglecting advective terms and taking (A5) into account, the equilibrated equations of the external mode are 
given by: 
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where sτ is the wind stress, bτ the bottom stress, H  is the bottom depth, hK  is the horizontal viscosity coefficient 

(cf section 2.2.1) and dzRR
H
∫

−

=
0

. 

The bottom stress, usually parameterised by a quadratic law of the bottom current, is here given by a linear relation 
),(),( 0 bbdbybx vucρττ = , the bottom current is estimated from the transport and the vertical shear of the 

geostrophic current using the relationship: 
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If (A8) and (A9) are divided by R , then derived with respect to y and x respectively and then (A8) subtracted from 
(A9), the surface elevation can be eliminated. Using (A10), an equation for the stream function ψ can be finally 
obtained. Practically a linear equation system of the following type: 
 

Β=ΑΨ  A11 
 
is numerically solved on the model grid. Ψ is a column matrix containing the stream function values at each grid 
point. The square matrix A contains the operators of the stream function that are deduced from the linearised 
schemes of the external mode of the model. The column matrix B contains the forcing terms namely the curl of 

R
s

0ρ
τ  and the boundary conditions. 

 
Boundary conditions 
The stream function vanishes at the coast. The problem of the open boundary was rather tricky insofar as we did not 
have outputs of a large scale model to specify the boundary values of the stream function. General characteristics of 
the northwestern Mediterranean which have been reported by numerous authors over the last 20 years (see for 
instance Millot, 1990) were nevertheless introduced at the open boundaries in a simplified manner. The assumption 
that the Liguro-Provençal current mainly followed the continental slope led us to prescribe a bottom depth dependent 
relationship. Practically the boundary stream function has been set to:  

Hob αψ =  A12 
 

The choice of a linear function is very simple but seems justified if we consider the stream function estimated from 
the ADCP currents (Fig. A1).  

 

 
 
 
 
 
Figure A1 : Stream function estimated from the ADCP currents as 
a function of topography. 

The stream function was calculated along the cross-shelf transects from an estimation of the transport based on the 
vertical profile of the alongshelf component of the current. The current profile was extrapolated under the deepest 
ADCP measurements using the function )(zR . Obviously the accuracy of this calculation is questionable insofar as 
the ADCP current can not be considered as non divergent. The result is sensitive to the filtering of the high 
frequencies of the ADCP currents and also to the way of extrapolating the current in order to estimate the transport. 
However in all cases the assumption of linearity seemed acceptable. The intensity of the slope current calculated 
from (A11) is highly dependent on the value of α  (on the opposite the shelf circulation is rather dependent on the 
wind stress). Practically α  was empirically set to 1400 −s  in order to reproduce the magnitude of the observed 
currents and density gradients in the region of the Liguro-Provençal current. 
As  the simplicity of (A12) may induce some unrealistic adjustment of the solution in the vicinity of the boundary, it 
has been decided to solve (A11) on an extended domain.  
 
Initialisation of the model  
Let 0tψ  be a solution of (A11). The components of the transport, ( )00 , tt VU  are deduced from 0tψ  using (A1). 
The components of the current are deduced from the transport and the vertical shear parameterisation R : 
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Transport and current values are then introduced in (A8) and (A9) in order to calculate the surface elevation. 
Similarly to (A11), (A8) and (A9) are used to form an overdetermined system of linear equations solved on the 
model grid: 
 

DCX =  A14 
where X is a column matrix containing the surface elevation value at each grid point. The matrix C contains the 
horizontal gradient operators of the surface elevation, and D the remaining terms of (A8) and (A9), ie the Coriolis 
term, the bottom and wind stresses and the horizontal viscosity. Solution of (A14) is  

( ) DCCCX TT 1−=  A15 
A perturbation of the density field can be deduced from the surface elevation, using the hydrostatic equilibrium 
assumption and (A5) derived with respect to z:  
 

000 ' tt R ηρρ −=  A16 
 
where 'R  is the derivative of R with respect to z. The total density field is given by  
 

0)( tz ρρρ +=  A17 
 
where the horizontally homogeneous density field, )(zρ , is chosen to be representative of the simulated case, 
namely determined from the FETCH CTD data. The initial salinity field, 0tS  is given by a function of density 
empirically determined from the set of CTD data. The temperature field, 0tT , is finally computed using the model 
equation of state. 
The complete field is then used as an initial state for the simulations. In agreement with conclusions of Auclair et al., 
2000b, the initial state is stable and does not produce significant transient adjustment processes at the beginning of 
the simulation. 
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� Laboratoire des Sciences du Climat et de l'Environnement [LSCE] http://www-lsce.cea.fr
� Laboratoire de M�et�eorologie Dynamique [LMD] http://www.lmd.jussieu.fr
� Laboratoire d'Oc�eanographie Dynamique et de Climatologie [LODYC] http://www.lodyc.jussieu.fr
� Service d'A�eronomie [SA] http://www.aero.jussieu.fr
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